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ABSTRACT

IMPACT OF A NEAR IDEAL AMINO ACID PROFILE ON THE EFFICIENCY OF
NITROGEN AND ENERGY UTILIZATION IN LACTATING SOWS

By
Sai Zhang

Improving dietary amino acid (AA) and energy efficiency in lactating sows is a potential
nutritional approach to mitigate impacts of swine production on the environment. In addition,
greater metabolic rate during lactation renders sows prone to heat stress (HS), therefore strategies
to lessen metabolic heat production will improve sow welfare in particular given the foreseeable
increase in global warming. The main hypothesis of this dissertation was that feeding a reduced
protein diet with near ideal AA profile (NIAA) and a leucine:lysine of 1.14 improves the dietary
essential AA (EAA) and energy utilization efficiency for lactation, and reduces the metabolic heat
associated with lactation, compared to feeding diets containing leucine:lysine of 1.63. To test the
hypothesis, three diets were formulated iso-calorically (2,580 kcal/kg net energy), including 1)
control diet with a 1.63 leucine:lysine (CON; 18.75% CP), 2) reduced CP diet with 1.14
leucine:lysine referred to as optimal (OPT; 13.75% CP) and formulated to contain a NIAA by
supplementation with the limiting AA in their crystalline form to meet their minimum requirements
(i.e., L-Lysine (Lys), r-Valine (Val), L-Threonine (Thr), L-Phenylalanine (Phe), pr.-Methionine
(Met), L-Isoleucine (Ile), L-Histidine (His), and -Tryptophan (Trp); and 3) OPT diet with -
Leucine (Leu) supplementation to achieve CON Leu:Lys of 1.63 (OPTLEU; 14.25% CP). The
overall objective was to determine the efficiency of individual EAA and energy for lactation in
sows fed CON, OPT and OPTLEU, and quantify the metabolic heat production of lactating sows
fed CON and OPT. Three studies were conducted to address the following aims: 1) to estimate

maximal biological efficiency value (MBEV) of EAA in lactating sows fed CON, OPT and



OPTLEU diets; 2) to estimate dietary energetic efficiency, energy partitioning and heat production
in lactating sows fed CON, OPT and OPTLEU diets; and 3) to measure heat production in lactating
sows fed CON and OPT diets and exposed to thermal neutral and HS environments. The first study
showed that feeding OPT diet improved utilization efficiency of nitrogen (N) (79.1%), arginine
(61.1%), His (78.3%), lle (65.4%), Leu (75.1%), Met + Cys (78.2%), Phe (53.4%), Phe + Tyr
(69.5%) and Trp (70.1%) and maximized the efficiency of Lys (63.2%), Met (67.9%), Thr (71.0%)
and Val (57.0%) for milk production over a 21-day lactation period. Leucine reduced Met
utilization but did not affect that of N and other EAA. The second experiment demonstrated that
feeding OPT led to greater energy utilization for lactation due to less urinary energy and metabolic
heat loss, and triggered dietary energy deposition into milk at the expense of maternal lipid
mobilization. A Leu:Lys of 1.63 compared to 1.14 reduced dietary energy utilization for lactation
by directing dietary energy away from the mammary gland and towards maternal pool, in part
explaining the efficacy of a NIAA diet over CON. Sows fed OPT diet produced less metabolic
heat and had lower body temperature when exposed to HS conditions compared to CON fed sows.
In conclusion, feeding a diet with NIAA profile containing Leu:Lys of 1.14 improves dietary EAA
and energy utilization efficiency for lactation, and reduces the metabolic heat associated with
lactation compared to feeding a diet with Leu:Lys of 1.63 and meeting SID Lys requirement with
feed ingredients as the sole source of Lys. This improvement is in part due to a lower dietary
Leu:Lys. Feeding lactating sows with reduced CP diets with crystalline AA supplementation to
attain NIAA profile is a feasible strategy to improve efficiency of N and energy utilization, and to

mitigate the impacts of HS on lactating sows and of swine production on the environment.
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INTRODUCTION

A recent goal set by many swine producers in North America has been to attain a
benchmark of 30 piglets weaned per sow per year (Gillespie, 2016). Thus lactation demand on
sows is continually increasing in order to maintain piglet quality at weaning. These challenges are
compounded by increasing environmental regulations to decrease carbon and ammonia emissions,
and rising environmental temperatures.

Research in particular on growing-finishing pigs (Kerr et al., 2003; Otto et al., 2003a; Otto
et al., 2003b; Madrid et al., 2013; Li et al., 2015) and a few in lactating sows (Manjarin et al.,
2012; Huber et al., 2015; Chamberlin, 2017) has been conducted in recent years to improve the
efficiency of nitrogen (N) utilization and mitigate N losses and ammonia emissions to the
environment. These efforts have led to the development of diets with improved dietary amino acid
(AA) balance. Such diets are formulated by lowering crude protein (CP) and meeting the minimum
requirement of the limiting AA through supplementation of AA in their crystalline form. While
the global efficiency of N is improved, knowledge of maximum biological efficiency values
(MBEV) for individual essential AA (EAA) utilization into milk protein are needed for future
model prediction of dietary EAA requirements. The NRC (2012) estimated a MBEV for Lys, and
derived the dietary Lys requirement for lactating sows to maximize growth of the nursing pig using
a factorial approach. This approach however remains limited due to lack of valid MBEV for the
other EAA.

In growing-finishing pigs, lowering dietary CP improves energetic efficiency due to
reduced urinary energy loss (Le Bellego et al., 2001) and heat loss (Le Bellego et al., 2001; Kerr
et al., 2003). Thus improvement in energy utilization efficiency may due to reduced metabolic

demand resulting from less AA destined to oxidation. In addition, based on previous work (Guan



et al., 2002 and 2004; Manjarin et al., 2012), it appears that the relatively high Leu:Lys found in
corn and soybean meal-based, non-reduced CP diets, may contribute to the relatively low
efficiency of Lys utilization. Abatement of heat production through dietary manipulation may
alleviate the impact of HS in lactating sows, which is of increasing concern given the rise in global
warming and frequent heat waves throughout the summer season in the US.

Continued research on the impact of feeding diets with improved AA balance on sow
performance, efficiency of EAA and energy utilization, and on metabolic heat production is needed
to help in the sustainability of the swine industry. The overarching hypothesis of this dissertation
was that feeding a reduced CP diet with near ideal amino acid profile (NIAA) and Leu:Lys of 1.14
improves the dietary EAA and energy utilization efficiency, and reduces metabolic heat associated
with lactation in sows compared to feeding a non-reduced CP diet formulated to meet SID Lys
with feed ingredients as the sole source of Lys. To test the hypothesis, three diets were designed:
1) a non-reduced CP diet with 18.75% CP and Leu:Lys of 1.63 (control or CON), 2) a reduced CP
diet with 13.75% CP and Leu:Lys of 1.14 with a NIAA profile (optimal or OPT), and 3) a reduced
CP with 13.75% CP with added Leu to achieve a Leu:Lys of 1.63 (optimal+Leu or OPTLEU).
The OPTLEU was used to assess whether Leu plays a role in impacting Lys efficiency. Three
specific aims were addressed and form the basis of the experiments presented in Chapters 2, 3 and
4. Chapter 2 addresses the first aim, i.e., to estimate efficiency value of EAA in lactating sows fed
CON, OPT and OPTLEU diets. Chapter 3 addresses the second aim, i.e., to estimate dietary
energetic efficiency, energy partitioning and heat production in lactating sows fed CON, OPT and
OPTLEU diets. Chapter 4 addresses the third aim, i.e., to measure heat production in lactating
sows fed CON and OPT diets and exposed to TN and HS environments. These chapters are

preceded by a literature review presented in Chapter 1, integrating the updated knowledge of AA



and energy metabolism, and utilization efficiency for lactating sows. The last chapter, Chapter 5,

contains a summary of results and an overall conclusion.



CHAPTER 1

LITERATURE REVIEW

Summary of the Current Challenge

Lactation is nutrient and energy costly, and thus sows must rely on adequate consumption
of feed to maximize milk production. Lactating sows commonly mobilize body lipid and protein
(van den Brand et al., 2000) since voluntary feed intake is often limited (Eissen et al., 2000). Over
the past decades, larger litter size at birth due to genetic selection have increased lactation demands
(Strathe et al., 2016; Zhang et al., 2016). Achieving 30 piglets per sow per year has been set as a
target in North America (Gillespie, 2016). Thus lactation demand on sows is continually increasing
in order to maintain piglet quality at weaning. These challenges are compounded by increasing
environmental regulations to decrease carbon and ammonia emissions, and rising environmental

temperatures which impact sow welfare and performance.

Contribution of Lactating Sows to Nitrogen Excretion

Increasing environmental regulations have merged worldwide in the past decade to
decrease carbon and ammonia emissions from the swine industry (Sommer et al., 2013). The
emission of greenhouse gases, typified by carbon dioxide and methane from livestock production
including the swine industry, is of massive concern to the environment and global warming
(Philippe and Nicks, 2015). The carbon from undigested dietary proteins and carbohydrates serves
as a major contributor of methane (Velthof et al., 2005), which can be mitigated by improving
nutrient digestibility. Reduction of carbon dioxide emissions may be achieved by improvement of
dietary caloric efficiency (Philippe and Nicks, 2015). In addition, wasted N via excretion is of
significant environmental concern, with ammonia and urea the major forms of wasted N from

livestock operations. Dietary proteins are not stored for body energy reserves, and the AA arising



from their digestion are destined to deamination and oxidation if protein synthesis is limited,
leading to N losses to the environment. The process of deamination generally occurs (Lewis, 2001,
NRC 2012) when 1) excess amounts of protein have been ingested, or 2) insufficient energy from
dietary lipids and carbohydrates are available to support bodily processes; or 3) dietary protein is
deficient in one or more EAA, or there is a poor AA balance. Compared to carbohydrates and
lipids, oxidation of AA is an inefficient biological process for supply of energy (Berg et al. 2015).
Therefore minimizing AA oxidation may improve isocaloric efficiency.

Urea is hydrolyzed to ammonium upon contact with bacterial urease from fecal matter
during manure storage (Le et al., 2005). Ammonium is oxidized to ammonia in the presence of
low pH and high temperature, which poses health risk to animals and humans (Mackie et al., 1998;
Schinasi et al., 2011). Ammonia also results in atmospheric ammonium sulfate, forming acid rain
and acidifying the surface soil (Rideout et al., 2004). The breeding herd in the United States
contributes to 11.8 x 10 metric tons of fresh manure annually in the United States (Koelsch et al.,
2005). One lactating sow excretes on average of 1,150 g N over a 21-d lactation period or up to
2.6 kg per year during lactation, of which close to 70% is of urinary origin (Zhang et al., 2019).
This figure translates into 19,000 metric tons of N yearly in the United States. Fecal N excretion
is affected by dietary protein digestibility, and therefore is largely impacted by feed ingredient
quality and processing. Significant progress has been made to minimize fecal N excretion in swine
by processing feed ingredients and testing their AA digestibility. On the other hand, improving
digestibility should be accompanied with ways of enhancing post-gut AA utilization.

Replacing a portion of protein-bound limiting AA with crystalline AA (CAA) in growing
swine diets was initially used to optimize feed costs. As more CAA are becoming commercially

available, aggressive reduction of CP with higher inclusion rates of AA is of increasing interest.



Urinary N excretion decreases with feeding less dietary CP (Figure 1.1) (Chamberlin et al., 2015a;
Huber et al., 2015). Chamberlin (2015b) reported up to a 3-fold reduction in ammonia emissions
(Figure 1.2.) in sows fed diets reduced in CP by 4.57 percentage units. Therefore, feeding reduced
CP diets offers potential to improve N utilization efficiency and mitigate N loss through urinary
excretion or ammonia emission. The global increase in N efficiency is due to an increase in
efficiency of individual AA (Huber et al., 2015). The extent to which dietary CP can be reduced
to maximize utilization efficiency of individual AA without affecting lactation performance

remains to be determined.

Effect of Heat Stress on Lactating Sow Performance and Welfare

Heat stress negatively impacts animal health and welfare (Renaudeau et al., 2012).
Seasonal HS is aggravated with longer time period of seasonal heat and higher average temperature
in many parts of the world due to global warming. In 2003, it was estimated that HS cost to the
swine industry was more than $360 million (St-Pierre et al., 2003), a figure that increased to $900
million in 2010 (Pollmann, 2010) and is predicted to continue increasing. Swine are naturally HS-
sensitive due to a lack of functional sweat glands (Curtis, 1983) and the existence of a substantial
subcutaneous fat layer (Qu et al., 2016). Newer genetic lines for greater lean yield have also
contributed to an increase in metabolic heat production (Brown-Brandl et al., 2004 and 2014).

Sows are particularly prone to high ambient temperature because of lactation associated
thermogenesis. Sows respond to HS by increasing rectal temperature and respiration rate (Lucy
and Safranski, 2017). Heat stress also decreases voluntary feed intake (Pérez Laspiur and Trottier,
2001; Williams et al., 2013), milk production (Pérez Laspiur and Trottier, 2001; Renaudeau and
Noblet, 2001; Chamberlin, 2017) and milk concentration of Arg, Lys, Val and Pro (Pérez Laspiur,

2001). Studies in which lactating sows were housed in TN conditions and pair-fed to sows under



HS conditions demonstrated that high ambient temperatures had a direct negative impact on milk
yield, independent of the impact on feed intake (Mullan et al., 1992; Prunier et al., 1997). Heat
stress directly affects post-absorptive protein catabolism with increased plasma concentration of
markers of protein degradation including 3-methyl histidine, creatine and plasma urea N (Pearce,
2011). Aggravated protein catabolism due to HS is related to reproductive issues including
anestrus, prolonged weaning to estrus interval, reduced farrowing rate and litter size (Nardone et
al., 2006). Heat stress also increases embryonic mortality (Wildt et al., 1975) and the number of
stillborn piglets (Wegner et al., 2016), and reduces the weight of neonates (Lucy et al., 2012). The
long term effect of HS is less detectable (Lucy and Safranski, 2017) and in utero HS modifies
nutrient partitioning to favor adipose deposition at the expense of skeletal muscle in finishing pigs
(Johnson et al., 2015).

In the past decades, reduced CP diets with improved AA balance results in better utilization
of dietary energy and lower metabolic heat production in growing pigs (Le Bellego et al., 2001;
Kerr et al., 2003). Greater metabolic heat associated with lactation renders sows prone to HS
(Renaudeau et al., 2012), and therefore an important research question is assessing whether

reduced protein diets alleviate heat production during lactation.

Effect of Improving Amino Acid Balance on Nitrogen Utilization

Recent years have witnessed an increasing amount of research on reduced protein diets
(Wang et al., 2018), with some limited studies in lactating sows. The increasing availability of
CAA from the industry at competitive costs relative to feed ingredient proteins allows for reduction
of excessive dietary protein, and adjustment of AA balance. Implementation of reduced CP diets
with aggressive CAA supplementation is directly dependent on future research demonstrating their

feasibility in lactating sows.



Research on growing-finishing pigs (Kerr et al., 2003; Otto et al., 2003a; Otto et al., 2003b;
Madrid et al., 2013; Li et al., 2015) and lactating sows (Manjarin et al., 2012; Huber et al., 2015;
Chamberlin, 2017) indicated that feeding reduced protein diets with improved AA balance
improves the efficiency of N utilization and mitigates urinary N excretion and ammonia emission
to the environment. The impact on growth or lactation performance remains unclear depending
on the level of CP reduction and CAA supplementation.

When feeding sows with diets containing from 17.55 to 12.98% CP (Chamberlin, 2015a),
milk urea-N (MUN) concentration decreased over 2 folds in early lactation and by more than 3 to
5 folds in peak lactation (Figure 1.2). Feeding a 16.03% CP with Val supplementation and graded
reduction to 13.22% CP (Huber et al., 2015) also resulted in marked drop in MUN (Figure 1.3).
Milk urea-N concentration from early to peak lactation (Figure 1.3) remained unchanged in sows
fed the reduced CP diets, and nearly doubled for sows fed a non-reduced CP (control) diet
(Chamberlin, 2015a; Huber et al., 2015). In a subsequent study, Chamberlin et al. (2015b) fed
sows 17.55 to 12.98% CP and housed them in either TN or HS environments and observed the
same responses (Figure 1.4). Therefore feeding low CP diets to lactating sows minimizes urinary
excretion and MUN secretion.

Similarly, plasma urea-N of sows fed a low CP diet was nearly a half and up to a third that
of control in early and peak lactation, respectively (Chamberlin et al., 2015a; Figure 1.5).
Together, the MUN and plasma urea-N response indicate less AA catabolism and greater
utilization of N compared to control-fed sows. These changes are equally reflected in urinary N
excretion which are summarized across studies and depicted in Figure 1.1 (Chamberlin et al.,
2015a; Huber et al., 2015). Additionally, reducing dietary CP by 4.57% decreases ammonia

emission by 3 folds in lactating sows (Chamberlin, 2015b; Figure 1.2)



In all, literature data to date reveal the potential of dietary protein reduction to improve N
utilization efficiency and mitigates urinary N excretion and ammonia emission. The impact of
feeding low CP diet with a NIAA profile to lactating sows on the individual EAA and energy

efficiency remains to be determined.

Amino Acid Utilization Efficiency for Lactation

Definition of Utilization Efficiency Value for Amino Acids

Knowledge of accurate efficiency values for individual EAA are needed for future model
prediction of dietary AA requirements and feed formulation. Guan et al. (2002) estimated Val
utilization efficiency by the porcine mammary gland for milk protein synthesis to be 56% using
isotope tracer techniques. This value represents the net Val output to net Val uptake ratio by the
mammary gland. The use of tracers in that study allowed for estimation of AA flux pathway and
direct calculation of the true Val efficiency. The associated costs and labor demand however in
lactating sows preclude from being widely used and consequently, very little progress has been
made in generating true AA efficiency values for milk protein synthesis. Alternative approach to
determine efficiency values has been used, however this approach yields an “apparent” efficiency
value. The apparent efficiency value can be estimated as follows:

Milk AA output (g/d)
Dietary SID AA intake (g/d)

Apparent AA utilization efficiency =

The caveat with the apparent efficiency is that it includes AA contribution from body
protein mobilization, and therefore the numerator “milk AA output” is not “truly” originating from
the diet per se. In addition, the denominator “dietary AA intake” is partitioned to both milk and

maternal needs, and thus is not specific for milk. The NRC (2012) proposed a new approach to



estimate a “true” efficiency by correcting the numerator and denominator to be specific for “milk
AA output from diet” and “dietary SID AA intake for milk”, respectively, as follows:

Milk AA output from diet (g/d)
Dietary SID AA intake for milk (g/d)

True AA utilization efficiency =

In the true utilization efficiency calculation, the numerator specifies “from diet” to indicate
that AA contribution from body protein losses, if any, is corrected for, and the denominator
specifies “for milk” to indicate that SID AA needed for maintenance is corrected for. Milk yield

is estimated based on piglet ADG (NRC 2012). Thus,

True AA utilization efficiency

_ AAoutput in milk (g/d) — AA mobilized from body protein (g/d)
B SID AA intake (g/d) — AA for maintenance (g/d)

A unique true maximum biological efficiency value (MBEV) of 0.67 for Lys was first
estimated by NRC (2012) using this approach. This value represents the slope of Lys output from
diet regressed against SID Lys intake for milk (Figure 1.6). The data for the regression were mined
from the literature using strict selection criteria to ensure validity of the estimate. The first criterion
was that each selected study on Lys requirement for lactation needed to 1) be based on a minimum
of 4 treatments and 2) attain significant convergence when submitted to a two-phase linear
regression analysis. When dietary AA composition were presented on a total AA basis, they were
recalculated using SID AA composition values in order to estimate post-gut (i.e. SID) Lys
efficiency. Milk Lys output corresponding to the Lys requirement (i.e., at convergence) was
calculated for each study and regressed against the corresponding SID requirement (at
convergence) (Figure 1.6).

The regression however was done on single data points at Lys requirement, as shown in

Figure 1.6. White et al. (2016) re-ran the regression with a more robust statistical approach by
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including all of the data points and accounting for the random effect of study and other factors.
The same Lys efficiency value of 0.67 was confirmed but this time with a variance around the
estimate (White et al., 2016). Given the paucity or lack of studies on the minimum requirement
of the 8 remaining EAA, NRC (2012) instead had to recourse to approximation of their MBEV.
A meta-analysis (White et al., 2016) was conducted to assess the actual efficiency values of these
8 AA based on the same studies used by NRC (2012) for estimation of Lys efficiency. Such
assessment was needed to determine the degree of inefficiency as proxy of the current production
systems and as such to set goals and assess the value of dietary AA balancing. The AA efficiency
estimates are lower than that of Lys (i.e., 0.67) as follows: Arg= 0.42, His= 0.58, lle= 0.53, Leu=
0.50, Met=0.60, Phe=0.43, Thr=0.55 and Val=0.55. Using these efficiency values in the factorial
approach would overestimate the AA requirements. These data illustrate the large potential to
improve N efficiency and the need to refine current dietary formulations in order to reduce N losses
to the environment.

Given this high level of inefficiency for the majority of EAA, Huber et al. (2015) tested
different concentrations of CP reduction with CAA supplementation to assess the efficacy of
reducing CP and to arrive at MBEV. These MBEV are important because 1) they provide a bench
mark for future implementation of low CP diets and 2) they are a key determinant for modeling of
AA requirements. Across dietary CP concentrations and CAA inclusion rates, Huber et al. (2015)
showed that AA efficiencies generally increase, and quite considerably for some AA (Arg, His,
Ile and Leu) with improvement in dietary AA balance. Because NRC (2012) efficiency estimates
were not systemically determined except for that of Lys, it is not surprising that many of the EAA
efficiency values from NRC (2012) differ quite substantially from Huber et al. (2015). Relevant

efficiency values for Arg and His remain debatable because of the de novo synthesis of Arg and
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the extensive recycling of 3-methyl-histidine between muscle protein and blood pools with
possible milk secretion of His arising from mammary metabolism (Trottier et al., 1997). Given
that the NRC (2012) does not provide solid MBEV estimates of EAA other than for Lys (White et
al., 2016), MBEV generated by feeding a low protein diet with a NIAA profile would provide

novel reference values of EAA efficiencies for prediction of AA requirements.

Interaction Between Amino Acid Utilization Efficiency

The mechanism by which AA efficiency increases with optimization of AA balance is not
just due to the simple fact that less AA are available. There is a consistent increase in piglet litter
gain and milk AA output, except under exposure to HS (Chamberlin et al., 2015b; Chamberlin,
2017), as shown in Table 1. There are likely interactions among AA at the mammary basolateral
membrane interface that affect their efficiency of transport across the mammary cells and
ultimately their utilization by the mammary gland (Guan et al., 2002; Guan et al., 2004; Manjarin
etal., 2012).

Guan et al. (2004) and Huber et al. (2016) reported that the utilization efficiency of dietary
Lys was reduced in sows fed a diet exceeding in CP. When below the CP requirement, the arterio-
venous (AV) differences of AA across the mammary glands improved with increasing
concentration of dietary CP, however the AV difference dropped when CP concentration was
above the CP requirement (Guan et al., 2004). This suggested that when feeding excessive dietary
CP, the mammary glands responded by decreasing transport of cationic (Lys and Arg) and other
neutral limiting AA (Thr). Nevertheless, the response for Leu was remarkably different, whereby
mammary uptake of Leu continued to increase when a diet containing as high 24% CP was fed,
suggesting that high concentrations of Leu decreased net uptake of Lys.

In a subsequent study (Pérez Laspiur et al., 2009), feeding CP in excess of requirement (24
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vs. 18%) decreased piglet average daily gain and reduced milk and casein yields. This change was
associated with a reduction in gene expression of one of the Lys transporter (CAT-2b), suggesting
a limitation in mammary protein synthesis as a result of decreasing cellular lysine uptake.
Therefore cationic AA and the branched-chain AA (BCAA) likely interact for transport across the
basolateral membrane of mammary epithelial cells.

Transcript abundance of several molecular entities involved in Lys uptake by porcine
mammary tissue have been quantified (Pérez Laspiur et al., 2004, 2009; Manjarin et al., 2011).
Transporters of the y* system (i.e. CAT-1 and CAT-2b), uniquely specific for transport of cationic
AA (Lys and Arg) were found to be of low abundance while those responsible for uptake of neutral
AA, in particular the large neutral AA (e.g. Leu) transporter ATB%* of system B%* were highly
abundant (Manjarin et al., 2011). In this regard, Lys has been reported to be transported by shared
systems with the large neutral AA (e.g. BCAA), such as system B%*, y*L, and b%*. Manjarin et al.
(2012) proposed that the greater blood BCAA to lysine ratio associated with feeding higher dietary
CP levels may decrease the ability for cationic AA to compete with BCAA for mammary transport
via ATB®*, resulting in efflux of Lys.

The notion that an interaction exists between cationic and BCAA for transport across the
basolateral membrane of the mammary epithelial cell has been supported by some ex vivo and in
vivo studies. Inhibited Lys uptake and increased Lys efflux in rat mammary explants was observed
due to high concentrations of Leu (Shennan et al. 1994; Calvert and Shennan 1996). It has also
been reported that Lys inhibited 67 % Val uptake by lactating sow mammary explants (Hurley et
al. 2000). Although the mechanism of interactions between neutral and cationic AA in the
mammary gland is unclear, some in vivo study confirms the ex vivo findings. Over-

supplementation of dietary Lys in sow resulted in a decrease in Val utilization (Richert et al.,
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1997). Conversely, Guan et al. (2002) reported a decrease of Lys transport in the mammary gland
by over-supplementation of crystalline Val for lactating sows by stimulating Lys outward
movement. Therefore improvement in Lys utilization for milk production when dietary CP is
reduced may be linked to a decrease in BCAA interaction with Lys at the mammary cell interface.
Determining whether Leu affects Lys efficiency of utilization in practical diets remains to be

further explored.

Energy Utilization Efficiency for Lactation

Lactation is an energetically costly process. Feed intake of lactating sows, in particular of
primiparous sows, is often not sufficient to support nutrient demands of milk production required
for large litters. Sows mobilize nutrients and energy from their body stores if greater energy
requirement cannot be satisfied. The sow udder is a large organ where extensive protein turnover
is taking place involving a variety of AA catabolic and anabolic processes, as reviewed by Trottier

and Manjarin (2012). For instance, based on the A-V difference balance technique and tracer work,

protein synthesis and breakdown rates were 975 and 400 g/d, respectively, within the lactating sow
mammary gland (Guan et al., 2002). The net protein gain was 575 g/d, indicating that the
efficiency of mammary protein synthesis was 59%. Such inefficiencies are energy costly. Both
catabolic and anabolic processes lead to intense thermogenesis (Bender, 2012). Therefore,
minimizing unnecessary heat production will improve energy utilization efficiency.

Excessive AA supply is generally regarded as one of the major reasons for additional
thermogenesis (Kerr et al., 2003; Bender, 2012). Unlike fat and carbohydrate, surplus AA cannot
be stored and are catabolized into ammonia and carbon skeleton, which will be further converted
to urea and other form of nutrients (fatty acids and glucose), respectively. The carbon skeleton can

also be oxidized when energy is needed. The processes of ammoniagenesis, urea synthesis, and
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gluconeogenesis or oxidation from AA carbon skeleton are all adding to thermogenesis. Although
heat production is biologically significant for maintenance of body temperature in animals, this
form of energy is not retained into animal products and thus contributes to energy inefficiency.

In addition to greater N utilization and lower N excretion and emissions, reduced protein
diets improve dietary energy efficiency due to decreased metabolic heat and urinary energy loss.
Hamilton (1939) was the first to demonstrate an association between feeding excessive proteins
and an increase in heat production in young rats. Feeding low protein with increased dietary lipid
to rainbow trout lowered the heat increment (LeGrow and Beamish, 1986). In that study, increased
lipid availability as an energy source reduced the amount of AA deaminated and oxidized for
energy, leaving more AA available for growth. Fuller et al. (1987) reported that the increase in
heat production associated with protein accretion in growing pigs was less when dietary protein
quality was improved compared to when dietary protein was high. Le Bellego etal. (2001) showed
that replacing dietary CP with supplemental AA in growing pigs reduced urinary N loss and total
heat production by up to 65 and 7.4%, respectively, and attenuated the negative effect of high
ambient temperature on ADFI. Similarly, growing pigs fed a 12% CP diet with CAA to meet the
minimum AA requirements produced 2.7% (4.5 kcal'd " BW7°) and 7.6% less heat (11.2 kcal-d"
LBW?O7) under TN and HS, respectively, compared to those fed a 16% CP diet meeting Lys

requirement (Kerr et al., 2003).

Theoretical Estimation of Heat Production Arising from Amino Acid Oxidation and Ammonia
Excretion

Improvement of dietary energy efficiency is highly dependent on the utilization efficiency
of the major nutrients, i.e., carbohydrates, fats and proteins, which serve as important carriers of

energy. Compared to carbohydrates or fats, proteins have a considerable greater heat increment
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(HI; Figure 1.7). Heat increment is the heat generated through 1) digestion or fermentation of
nutrients in the intestinal tract, and 2) nutrient metabolism during the post-gut phase (Ewan, 2001,
NRC 2012). In swine, fats, carbohydrates and proteins contribute to 9, 17, and 26% of the ME,
respectively (Bondi, 1987). A recent study (Li et al., 2017) reported NE/ME of 76 to 78% (Figure
1.7). In other words, the HI/ME (Figure 1.7) ranges between 22 and 24% for mixed nutrients.
Metabolic heat is produced during ATP turnover associated with post-gut catabolism of excess
AA. Both production and consumption of ATP generate heat. Therefore, estimating heat
production associated with excess N intake should be calculated separately for ATP production
and consumption, rather than based on net ATP production. The amount of ATP synthesized varies
depending on the different substrates and pathways (Bender, 2012) and on average 2 moles of ATP
are formed per mole of N deaminated. Ammonium (NH4"), the product of deamination, is used to
amidate glutamate (Glu) into glutamine (GIn) which is transported to the liver. The cost associated
with the synthesis of each mole of GIn is 1 mole of ATP (Bender, 2012). The funneling of
ammonia from AA into the urea cycle involves additional processes including synthesis of aspartic
acid for donation of the second amino group. Bender (2012) detailed the possible routes and
simplified that there is a cost of 4 moles of ATP equivalent and a yield of 2.5 moles of ATP
equivalent for each molecule of urea produced in the urea cycle. Each mole of ATP hydrolyzed
into ADP generate 7.3 kcal. This energy is not 100% utilized, and the remaining (~33%) is released
in the form of heat (Figure 1.8) (de Meis et al., 1997). Therefore, 2.4 kcal/mole ATP (i.e., 7.3 kcal
% 0.33) is lost as heat during ATP hydrolysis. Similarly, ATP production during cellular glucose
oxidation for example also generates heat since the efficiency of ATP production is not 100%
(Darnell et al., 1986; Tobin et al., 1997; Figure 1.8). Phosphorylation of ADP into ATP is only

50% efficient, hence approximately 50% of the energy can be trapped into ATP and 50% released
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as heat. Therefore the energy required to generate one mole of ATP is 14.6 kcal (i.e., 7.3 kcal/0.50),
with 7.3 kcal lost as heat. The energy that is not captured into energy requiring processes or into
ATP synthesis will add to thermogenesis.

In the following example, theoretical heat reduction associated with reduced dietary CP
and improved AA balance is calculated, with the calculations depicted in Table 2. Assume a
control diet containing 3% N (18.75% CP) compared to a reduced CP diet containing 2.2% N
(13.75% CP) fed to a lactating sow with an average daily feed intake (ADFI) of 6 kg. The resulting
reduction in N intake per day is 48 g or 3.43 moles of N. A reduction in N intake of 3.43 moles
per day results in 58 kcal/d less heat associated with deamination-Gln formation and 48 kcal/d less
heat associated with urea synthesis. Thus, the total reduction in heat production associated with
removal of 3.43 moles of N (in excess) is 106 kcal/d.

The heat associated with digestion however is believed to represent the greatest portion of
the total HI (NRC 2012), although quantification of this HI is difficult and lacking in the literature.
Thus in this example, the HI associated with gastrointestinal metabolism due to excess AA
indirectly is estimated indirectly by subtracting the heat associated with post-gut metabolism of
excess AA (estimated above, i.e., 106 kcal/d) from the total HI.

First, HI was calculated based on ME and NE as follows (NRC, 2012):

Hi (kcal) _ME kcal NE kcal
kg ) ( kg ( kg

where prediction of NE content of diets for lactating sows is based on that for growing-finishing
pigs (Noblet, 1994). Assuming a reduced dietary CP diet created by substituting soybean meal
with corn, it was presumed here that the percentage decrease in dietary CP is accompanied by a
corresponding percentage increase in dietary starch. The equation is as follows (with NE and ME

as kcal/kg DM, and EE, starch, CP and ADF as g/kg DM):
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NE (el (o 726 X ME (kcal)) + (1 33 (< EE) + (0 39 (2 o st h)
—_—) = . -_— . _— . _— starc
kg kg g g

- (0.62 (%) x cp) _ (0.83 (%) x ADF)

To simplify the calculation, 2 diets are assumed, a high dietary CP (HCP, 18.75% CP) and a low
dietary CP (LCP, 13.75% CP) containing the same ME and 88% DM. The difference in HI between
HCP, and LCP can be calculated as follows:

HIHCP(@) - HILCP(@) = NELCP(kﬂ) - NEHCP(@)
kg kg kg kg

kcal kcal
= 0.39 (?) X (StarCthp - StarchHCp) - 062(?) X (CPLCP - CPHCP)

kg

l) kcal 187.5 137.5 (g) ) kcal 1375 1875 g

kca
57.4 (— X — X — —
kg g ) x( 0.88 0.88 ) g ) *( 0.88 0.88 “ "kg

344 (kcal) _ &7 4(kcal) v kg
d/ ~7 kg (d

For a sow consuming 6 kg/d, the theoretical decrease in HI is 344 kcal/d, with 211 kcal resulting
from CP reduction, and 133 kcal resulting from starch increase. Therefore, the reduction of heat

associated with digestion and absorption is estimated as follows:

kcal kcal kcal
Total AHI (T) = AHIpre gut (T) + AHIPost gut (T)

kcal kcal
34-4 (T) = AHIPre gut + 106 (T)

Where Hlpre gut is 238 kcal/d. These values indicate that there is a lower impact on HI associated

with post-gut metabolism compared to that of pre-gut when sows are fed this particular reduced
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CP diet. Note that these are only theoretical estimates based growing-finishing pig NE values. A
greater reduction of HI is expected in practice in lactating sows fed this reduced protein diet due
to an improved efficiency of AA utilization at the mammary level.

High lactation demand on modern sows are compounded by increasing environmental
regulations to decrease carbon and ammonia emissions, and rising environmental temperatures
which impact sow welfare and performance. In the past decades, studies on reduced protein diet
have been extensively conducted in growing-finishing pigs, and a few in lactating sows. These
results suggest improvement of N utilization efficiency, and decrease in N excretion and ammonia
emissions. However, there are still substantial gaps in knowledge of how reduced protein diet
affects individual EAA and energy utilization efficiency, as well as metabolic heat production in
lactating sows. This knowledge is critically needed, since 1) valid efficiency values of individual
EAA (except Lys) are lacking, and these values are essential to predict EAA requirements and 2)
higher metabolic rate due to lactation renders sows specifically prone to HS, which is of increasing
concern. The following chapters present a series of studies focused on assessing the impact of
dietary AA balance on utilization efficiency of individual EAA and energy, and heat production

in lactating sows.
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Table 1.1. Performance of lactating sows fed diets* reduced in crude protein (CP) concentration with supplemental crystalline amino acids
over 21-d lactation

. . Sow Sow P2 Sow Sow Sow
Feed SID SID SID SID Litter Piglet BW back fat  loin eye body body

Study CP (%) intake Lys Thr M+C Trp gain ADG d .
2 loss A areaA  protein  lipid A
kgfd? 0 ) &) ) k) @D gy m em) Awd ()

Manjarinet  17.52 3.9 111  0.69 0.55 0.21 1.71 214 228 - - - -
al., 2012 13.53 3.9 0.85 0.53 0.42 0.16 2.26 282 232 - - - -

Huber et 17.62 5.1 0.74  0.59 0.50 0.18 1.86 186 414 - - - -
al., 2015 14.63 51 0.74  0.59 0.50 0.18 2.18 221 433 - - - -

Huber et 16.03 55 0.74  0.59 0.50 0.18 2.32 238 143 —-0.1 +0.2 -22.9 -36.7
al., 2015 15.70 5.7 0.74  0.59 0.50 0.18 2.53 256 176 —-0.2 —-0.8 -26.9 —50.0
14.29 5.8 0.74  0.59 0.50 0.18 241 243 190 —0.1 -1.2 -30.9 —46.6
13.22 5.7 0.74  0.59 0.50 0.18 2.60 260 285 —-0.2 —2.7 —45.5 -73.1
Chamberlin  17.16 5.8 0.78  0.53 0.48 0.18 2.53 262 270 - - - -
etal., 14.79 5.6 0.78 0.49 0.42 0.15 2.64 278 413 - - - -
2015a 12.56 5.7 0.78  0.49 0.41 0.15 2.56 258 358 - - - -
Chamberlin  17.16° 5.2 0.78  0.53 0.48 0.18 2.60 265 500 -1.4 - —63.2 —194.8
etal., 12.56° 55 0.78 0.49 0.41 0.15 2.80 279 300 —2.7 - —8.4 —234.8
2015b 17.16° 3.7 0.78 0.53 0.48 0.18 2.40 244 700 -3.2 - —68.9 —351.3
12.56° 4.3 0.78 0.49 0.41 0.15 2.30 238 800 -2.1 - —-103.4  —-302.8

INE=2,580 to 2,600 kcal/kg.

2Feed intake is an average value for a 21-d lactation period, and that of Manjarin et al. (2012) is for an 18-d lactation period.
$Maternal body lipid A (kg) = —26.4 + 0.212xmaternal BW A (kg) + 1.331xbackfat A (mm); NRC (2012).

“Maternal body protein A (kg) = 2.28 + 0.171xmaternal BW A (kg) — 0.333xbackfat A (mm); NRC (2012).

Sows were housed under thermal neutral environmental temperature.

Sows were housed under thermal heat stress environmental temperature.
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Table 1.2. Theoretical calculation of heat associated with dietary crude protein fed in excess!

ATP change (mole Heat production (kcal/mole Sum of heat production

Heat production

ATP/mole N) N) (kcal/mole N) (kcal/d)
Deamination +2.00 2.00 x 7.30 = 14.60 17.002 584
Glutamine synthesis -1.00 1.00 x 2.40 = 2.40 '
: +1.25 1.25x 7.30 =9.13 3 5
Urea synthesis 200 200 x 2.40 = 4.80 13.93 48
Total - - 30.93 106

LAssumes sows are consuming 48 g of CP in excess per day, corresponding to 3.43 moles of N per day.
214.6 kcal/mole N + 2.40 kcal/mole N.

39.13 kcal/mole N + 4.80 kcal/mole N.

417.00 kcal/mole N x 3.43 moles N.

°13.93 kcal/mole N x 3.43 moles N.
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Figure 1.1. Urinary nitrogen excretion (g/d) from sows fed different dietary crude protein (CP)
over 21-d lactation. Adapted from Chamberlin (2015a) and Huber et al. (2015).
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Figure 1.2. Airammonia production (g/d) in individual lactating sows and their litters. Sows were
fed diets containing 17.55 (High) and 12.98% CP (Low) and housed under either a thermal neutral
(TN) or heat stress (HS) environment. From Chamberlin et al. (2015b).
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Figure 1.3. Milk urea concentration (MUN conc., mg/kg) in sows fed different levels of dietary
CP in early (d 4-8) and peak (d 14-18) lactation. Upper panel: control (CON, 17.55% CP),
medium low crude protein (MCP, 15.25% CP) and low crude protein (LCP, 12.98% CP) (Adapted
from Chamberlin, 2015a). Lower panel: high crude protein (HCP, 16.03% CP), medium high
crude protein (MHCP, 15.70% CP), medium low crude protein (MLCP, 14.29% CP), low crude
protein (LCP, 13.22% CP) (Adapted from Huber et al., 2015).
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Figure 1.4. Milk urea nitrogen concentration (MUN conc., mg/kg) from sows exposed to thermo-
neutral temperature (TN) and heat stress (HS) and fed a control diet (CON, 17.55% CP) or a low
protein diet (OPT, 12.98% CP) during lactation. Adapted from Chamberlin et al. (2015b).
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Figure 1.5. Plasma urea N concentration (PUN conc., umol/L) of lactating sows fed control
(CON, 17.55% CP), medium low crude protein (MCP, 15.25% CP) and low crude protein (LCP,
12.98% CP). Adapted from Chamberlin et al. (2015a).
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Figure 1.6. Relationship between estimated lysine in milk derived from SID lysine intake and
estimated SID lysine intake for milk. The relationship is represented by the line and described as
y=0.6698x at zero intercept with r? of 0.925, where the slope of 0.6698 represents the efficiency
of dietary lysine utilization into milk lysine (NRC, 2012).
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Figure 1.7. Energy partitioning by pigs (Ewan et al., 2001).

28



r Energy captured in ATP synthesis m

Energy released from substrate oxidation

L Energy released as heat %

r Energy utilized in biological process m

Energy released from ATP hydrolysis

L Energy released as heat %

Figure 1.8. Partitioning of energy released from substrate oxidation and ATP synthesis and from
energy utilization and ATP hydrolysis. Efficiency of ATP synthesis and hydrolysis are 50 and
67%, respectively, with the 50 and 33% of the energy lost as heat, respectively
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CHAPTER 2
FEEDING A REDUCED PROTEIN DIET WITH A NEAR IDEAL AMINO ACID

PROFILE IMPROVES AMINO ACID EFFICIENCY AND NITROGEN UTILIZATION
FOR MILK PRODUCTION IN SOWS

ABSTRACT

Fifty-four lactating multiparous Yorkshire sows were used to test the hypothesis that
feeding a reduced protein diet with a near ideal AA (NIAA) profile increases the biological
utilization efficiency of nitrogen (N) and essential AA (EAA) for milk production in part as a result
of reduced dietary Leu concentration. Sows were fed 1 of 3 isocaloric diets containing the
following concentration of crude protein (CP % as fed, analyzed): 18.74 (Control: CON), 13.78
(Optimal: OPT), and 14.25 (Optimal+Leu: OPTLEU). The OPT and OPTLEU diets contained the
same concentration of crystalline AA (CAA) to meet requirements of the limiting AA. Crystalline
Leu was added to OPTLEU to contain the same standardized ileal digestible (SID) Leu
concentration as that of CON. Sows were weighed on day 1 and 21 of lactation and piglets on day
1, 4, 8, 14, 18 and 21 of lactation. Nitrogen retention was measured for 48 or 72 h between day 4
and 8 (early) and day 14 and 18 (peak) of lactation. Sow body weight (BW) change and average
daily feed intake (ADFI) did not differ between diets. Litter growth rate (LGR) during early
lactation did not differ between diets. At peak lactation, LGR was higher in sows fed OPT
compared to CON (P < 0.05) and lower in sows fed OPTLEU compared to OPT (P < 0.05). In
early and peak lactation, total N retention and milk N output efficiency were greater in OPT (P <
0.01) and OPTLEU (P < 0.05) than CON. Compared to CON, overall biological efficiency of N,
Arg, His, lle, Leu, Phe and Trp were greater (P < 0.05) whereas those of Lys, Met, Thr and Val
did not differ in sows fed OPT and OPTLEU, except for Leu which did not differ between

OPTLEU and CON. Compared to OPT, only Leu and Met efficiency were lower (P < 0.01) and
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tended to be lower (P = 0.10), respectively, in sows fed OPTLEU. Reducing CP with a NIAA
profile to attain the minimum Leu requirement maintained overall lactation performance,
improved utilization efficiency of N, Arg, His, lle, Leu, Phe+Tyr and Trp for milk production, and
maximized efficiency of lle, Leu, Lys, Met+Cys, Phe+Tyr, Thr, Trp and Val. Addition of Leu did
not reduce N and EAA utilization efficiency. This study provides revised and novel maximum
biological efficiency value (MBEV) for lle (65.4), Leu (75.1), Lys (63.2), Met+Cys (78.2),
Phe+Tyr (69.5), Thr (71.0), Trp (70.1) and Val (57.0). These MBEV can be used to more

accurately predict requirement for those AA during lactation.

INTRODUCTION

The breeding herd contributes to as much as 11.8 x 10° metric tons of fresh manure
produced annually in the United States (Koelsch et al., 2005). Therefore, small change in the
efficiency of dietary N utilization in lactating sows can have major impacts on N excretion at the
global scale. Determination of individual essential AA (EAA) biological efficiency value at near
maximal biological potential is needed to accurately predict the requirement of each EAA.
Underestimation of efficiency leads to overestimation of requirement and increase N losses to the
environment. Except for Lys, maximum biological efficiency value (MBEV) of individual EAA
reported by NRC (2012) were not empirically determined, nor have been validated. Furthermore,
it is unclear why feeding individual EAA at or near minimum requirement in a low CP diet
improves efficiency. It may be due to reduction in intake of the said EAA alone or in competitive
inhibition with other AA present in excess of requirements. Previous work from the same lab
(Guan et al., 2004; Manjarin et al., 2012) suggested that there is competition among AA, in

particular between Leu and Lys utilization for milk production. Thus, Lys utilization even when
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present at its minimum requirement may not be maximized in the presence of excessive
concentration of N or other specific EAA.

It is hypothesized that reducing CP to meet the minimum SID Leu requirement increases
efficiency of individual EAA. It is further hypothesized that the relatively low Leu:Lys in a reduced
CP diet (1.14:1) meeting minimum SID Leu requirement compared to a conventional corn-soybean
meal-based diet (1.63:1) improves Lys efficiency for milk protein production. The objectives were
to 1) estimate efficiency values of EAA in lactating sows and 2) determine if the corresponding

decrease in Leu concentration in reduced CP diet affects Lys efficiency.

MATERIALS AND METHODS

Animals, Feeding and Experimental Design

The study was conducted at the Michigan State University Swine Teaching and Research
Center, using 54 purebred multiparous (parity 2+) Yorkshire sows. Sows were moved to
conventional farrowing crates between day 105 and 107 of gestation, grouped by parity and
randomly assigned to 1 of 3 dietary treatments within parity groups (Control, n = 18; Optimal, n =
19; Optimal + Leu, n = 17). The study was conducted over 4 blocks of time, with 12 to 18 sows
per block. Litters were standardized to 11 piglets within the first 24 h after farrowing with the aim
of weaning 10 piglets per sow. Sows were adapted to the experimental diets (2.2 kg/d) 4 to 6 days
before expected farrowing date. After farrowing, sows feed allowance was progressively increased
from 1.88 kg/d at day 1 to 7.44 kg/d at day 21 of lactation, according to the NRC (2012) model,
with targeted ADFI of 6.0 kg/d during the whole lactation period. Feed was provided daily in 3

equal meals (0700, 1300 and 1900) with feed intake and refusal recorded daily before the morning
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meal. Water was freely accessible to sows and piglets. Injection of iron and surgical castration
were conducted on day 1 and 7, respectively. No creep feed was supplied to the piglets.

Sows and piglets were weighed on day 1 (i.e., 24 h postpartum) after standardization of
litter size and day 21. Sow BW was only recorded on day 1 and 21 due to high variablility and
labor intensive between short period of time. Sow back fat thickness was measured (Lean-meater®,
series 12, Renco Corp., Golden Valley, MN, USA) on day 1 and 21. Corn oil was applied as an
ultrasound enhancing agent and the probe was placed perpendicularly on the back 6-8 cm from the
midline at the last rib. Two separate measurements were taken on each side of the midline and
averaged. Litters were also weighed on day 4, 8, 14 and 18 of lactation to estimate milk yield
(Theil et al., 2002) between day 4 and 8 and day 14 and 18, representing early and peak lactation

periods, respectively.

Dietary Treatment

Ingredient and calculated nutrient composition of the diets are presented in Table 2.1.
Analyzed total (hydrolysate) and free AA of the diets are presented in Table 2.2. The NRC (2012)
model was used to estimate requirements for AA, NE, Ca and P for sows. The requirements were
based on the swine herd performance at the Michigan State University Swine Teaching and
Research Center, including sow BW of 210 kg, sow parity number of 2 and above, sow ADFI of
6 kg/d, litter size of 10, piglet BW gain of 280 g/d over a 21-d lactation period, and ambient
temperature of 20 °C. The model predicted a minimum sow BW loss of 7.5 kg and the protein:
lipid was adjusted to the minimum allowable value of near zero. All diets were formulated to
contain the same SID Lys (0.90%) and NE (2,580 kcal/kg) concentrations. The control diet (CON)
was formulated using corn and soybean meal as the only sources of Lys to meet NRC (2012) SID

Lys requirement (0.90%) and consequently contained 18.74% CP. Valine met near SID
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requirement (NRC, 2012) (0.77 vs. 0.79%). All other EAA SID concentrations were in excess
relative to NRC (2012). A second diet balanced to reach a near ideal AA (NIAA) profile was
formulated. In this paper, the term “near ideal AA profile” is used in lieu of the conventional “ideal
AA profile” because the “ideal AA profile” is conceptual rather than biologically factual. The
rationale is further based on the notions that an “ideal AA profile” 1) cannot be limited to the
relative contribution of only two AA pools (i.e., milk and maintenance), 2) needs an accurate
characterization of the maintenance AA pool for the lactating sow, and 3) should include AA for
which dietary essentiality in known lactating sows (i.e., Arg and His). The NIAA diet was designed
by reducing soybean meal relative to corn to meet the minimum SID Leu requirement, which
corresponded to a CP concentration of 13.78%. Then, supplemental crystalline source of L-Lys, L-
Val, L-Thr, L-Phe, DL-Met, L-lle, L-His, and L-Trp were added to meet the minimum SID
requirement for those AA in the NIAA diet. bL-Met was added to meet the requirement of Met +
Cys. This diet is referred to as the optimal diet (OPT) throughout the remainder of the manuscript.
A third diet was formulated to be the same as OPT with added crystalline L-Leu to equate the SID
Leu concentration of CON and referred to as optimal + Leu diet (OPTLEU). Sugar food product
(International Ingredient Corporation, St. Louis, MO) was included in all 3 diets at 5% to increase
diet palatability. Titanium dioxide was included at 0.10 % as indigestible marker in all

experimental diets.

Nitrogen Balance

For the N balance study, sows with an actual feed intake relative to predicted feed intake
of 75% or above were used. Nitrogen balance was conducted during early lactation (between day
4 and 8) and peak lactation (between day 14 and 18) on a subset of sows from blocks 2 (n = 10), 3

(n=12) and 4 (n = 12) for a total of 34 sows. During the N balance period, sow overall activity
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and appetite were carefully monitored, along with measurements of rectal temperature before the
morning and afternoon feeding to ensure that sows were healthy with no signs of urinary tract
infections. The urinary catheter was removed for any sows showing signs of depression or increase
in rectal temperature. Urine collection was performed for a minimum of 48 h and a maximum of
72 h. Balance studies were conducted in either early lactation or late lactation to minimize urinary
tract irritation and follow animal care guidelines, hence the number of sows in early and peak
lactation differed. Total urine collection and fecal grab sampling methods were as described in
Huber et al. (2015) and M&hn and de Lange (1998), respectively. Briefly, Foley urinary catheters
(BARDEX® I.C., 2-way, 30cc balloon, 18FR, Bard Medical, Covington, GA) were aseptically
inserted into the bladder before feeding in the morning at 0600. The distal end of the catheter was
connected to a sterilized polyvinyl tubing secured with electrical tape, and long enough to reach a
5-gallon bucket set behind the sow and outside of the crate. The tubing was maintained in place
through a rubber stopper inserted into the bucket cover. The urine collection bucket contained 30
mL of H.SO4 to acidify the urine and maintain pH of less than 3. Urine was removed and weighed
daily at 0700, and 2 subsamples (45 mL) were collected and frozen at —20 °C. Urinary catheters
were removed before feeding at 0700 on the last day of the N balance (either 48 or 72 h). Fresh

feces were collected by rectal digital stimulation on day 10 and 11, pooled and frozen at —20 °C.

Milk Sampling

Milk was collected after each N balance (day 8 and 18). For milk collection, piglets were
separated from the sows for approximately 1 h, and sows were administered 1 mL of oxytocin i.m.
(20 1U/mL oxytocin, sodium chloride 0.9% w/v, and chlorobutanol 0.5% wi/v, VetTek™, Blue

Springs, MO). A total of 100 mL milk was manually collected across all glands and stored in 2
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separate 50-mL tubes (polypropylene centrifuge tubes with screw cap, Denville Scientific®).

Piglets were immediately returned to sows to complete nursing.

Nutrient and Titanium Analyses

Approximately 50 g of subsampled feed was ground using a commercial coffee grinder
and sent to the Agricultural Experiment Station Chemical Laboratories (University of Missouri-
Columbia, Columbia, MO) for AA analyses [AOAC Official Method 982.30 E (a,b,c), 45.3.05,
2006] to verify accuracy of feed mixing. Both hydrolysate and free AA concentrations were
analyzed to verify the accuracy of crystalline AA (CAA) inclusion during feed mixing (Table 2.2).
The DM content of diets was measured via oven drying at 135°C for 2 h according to the AOAC
(1997; Method 930.15). Fecal samples were homogenized, oven dried at 65°C for 4 days and
ground using a commercial coffee grinder. Feed, fecal and urinary N concentration was measured
based on the Hach method (Hach et al., 1987). Milk samples were submitted to the Michigan Dairy
Herd Improvement Association (NorthStar Cooperative, Lansing, MI) for analyses of fat, true
protein, lactose and milk urea N using infrared spectroscopy. Titanium concentration in feed and
feces were analyzed based on Myers et al. (2004). Absorbance of standards and samples were
measured by spectrophotometry (Beckman DU-7400; Beckman Instruments, Inc., Fullerton, CA)

at 408 nm.

Calculations

Sow milk yield was estimated based on piglet ADG (g/d) during early (day 4-8) and peak
(day 14-18) lactation (Theil et al., 2002) as follows (Eqg. 1 and 2, respectively):
Daily milk yield (g/d,d 4 — 8 ) = Litter size X (317 + 1.168 x ADG + 0.00425 X ADG?) Q)

Daily milk yield (g/d,d 14 — 18 ) = Litter size x (582 + 1.168 X ADG + 0.00425 x ADG?) 2
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For all calculations pertaining to the N balance, the analyzed N concentration in each
respective diet and corresponding block was used to calculate N intake. Daily total N retention (N
maternal retention + N milk) and N maternal retention were calculated as follows (Eq. 3 and 4,
respectively):

Total N retention (g/d) = N intake (g/d) — [fecal N output (g/d) + urinary N output(g/d)] )

Maternal N Retention (g/d) = N intake (g/d) — [fecal N output (g/d) + urinary N output (g/d) +

milk N output (g/d)] (4)
Actual daily feed intake and analyzed N concentration of the diets (Table 2.2) were used
to calculate daily N intake in each respective block. Apparent total tract digestibility (ATTD) of N
was estimated using analyzed titanium dioxide concentration in feed and feces (Eg. 5) according
to Zhu et al. (2005), and fecal N output was calculated based on the estimated N digestibility and

N intake, as follows (Eq. 6).

TiO,% in feed X N% in feces
TiO,% in fecesx N% in feed

Apparent total tract digestibility of N = 1 — 5)
Fecal N output (g/d) = (1 — ATTD of N) X N intake (g/d) (6)
Daily urine weight and urinary N concentrations were used to calculate daily urinary N
output. Daily milk N output was calculated based on the sum of analyzed milk true protein N and
milk urea N concentrations multiplied by the predicted daily milk yield. Apparent efficiency of

dietary N utilization was expressed as efficiency of total N retention (maternal + milk) and of N

secreted in milk, relative to N intake or N absorbed, as follows (Eq. 7 and 8, respectively):

. . _ Total N retention (g/d) 0
Apparent efficiency of total N retention = == === 2 2 mes X 100% @)
Apparent efficiency of N secreted in milk = —oretedinmilk@/d) -, 4 (g, (8)

N intake or N absorbed (g/d)
For calculations pertaining to true efficiency estimation of N and individual EAA

utilization, an adjustment was made to account for any discrepancy between the analyzed and
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calculated dietary AA concentrations. Relying on calculated SID N and EAA intake alone may
either underestimate or overestimate true efficiency values. Therefore, the SID N or individual
SID EAA concentrations were adjusted by multiplying the calculated SID N or SID EAA
concentration with the ratio of analyzed to calculated N or EAA concentrations (as fed basis) in

each of the respective block (Eq. 9):

Analyzed N or EAA (%,as fed) (9)

i ion = 0
Adjusted SID N or EAA concentration = Calculated SID N or EAA (%) X Calculated N or EAA (s Ted)

Daily individual SID N or EAA intake was then calculated from the actual sow ADFI and
adjusted dietary SID N or EAA as follows (Eq. 10):
SID N or EAA intake (g/d) = Sow feed intake (g/d) X adjusted SID N or EAA (g/100 g) (10)
True efficiency values of N and individual EAA secreted in milk were determined by
correcting for N or EAA mobilized from body protein and used for maintenance, as follows (Eq.

11):

N or EAA ouput in milk (g/d)—N or EAA mobilized from body protein (g/d)
SID N or EAA intake (g/d)—N or EAA for maintenance (g/d)

True efficiency of N or EAA secretion in milk =
(11)
Where the N or EAA output in milk in early and peak lactation periods were calculated
from estimated milk yield (Theil et al., 2002) for early lactation and peak lactation period,
respectively, and the average N or EAA concentration in mature milk protein (NRC, 2012), as
follows (Eq. 12):

N or EAA output in milk (g/d) = Milk yield (g/d) x N or EAA in milk protein (g/100 g) (12)

Daily N mobilized from body protein and partitioned to milk was estimated by multiplying

the negative maternal N retention with the efficiency of N secretion in milk from mobilized body

N of 0.87 (NRC, 2012), as follows (Eq. 13):
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N mobilized (g/d) = Maternal N retention (g/d) X Efficiency of N mobilization to milk N secretion (0.87)
(13)
Daily individual EAA mobilized from body protein and partitioned to milk was estimated
from the product of the negative maternal N retention and the EAA concentration in body protein
(NRC 2012), multiplied by the efficiency of N secretion in milk from mobilized body N of 0.87,

as follows (Eq. 14):
EAA mobilized (g/d) = Maternal N retention (g/d) X 6.25 x EAA in body protein (g/100g) X

Efficiency of body N mobilization to milk N depostition (0.87) (14)
Daily SID N and SID EAA was calculated as described above in Eq. 9.
Maintenance requirement for N or individual EAA was calculated as the sum of basal
endogenous gastrointestinal tract (GIT) and integumental N or EAA losses (NRC, 2012), and the

efficiency of N or EAA utilization for maintenance (NRC, 2012), as follows (Eqg. 15):

Basal endogenous GIT N or EAA loss (g/d) + integumental N or EAA loss(g/d)
N or EAA efficiency for maintenance

N or EAA for maintenance =

(15)

Statistical Analysis

Statistical analyses were conducted using SAS 9.4 (SAS Inst. Inc., Cary, NC). The
homogeneity of residual variance among dietary treatments (Minimum P = 0.088 for milk protein
output), and normality of residuals was confirmed by using Mixed Procedures and Univariate
Procedures, respectively. Data were analyzed by ANOVA using the Glimmix procedures model
as follows:

Response = diet + parity + period + block + SoOwgietxbiock+ diet x parity + diet x period +
diet x block + e

The response of sow depended on the fixed effects of diet (CON, OPT, and OPTLEU),
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parity (early [P 2-3] and late [P 4-6]), and lactation period (early [d 4-8] vs. peak [d 14-18]). The
random effects included block, and sow nested within diet and block. The interactive effects of
diet x parity, diet x period, and diet x block were also included. When appropriate, a reduced
model was used. Specifically, effects of parity and parity x treatment were not significant
(minimum P = 0.18 and P = 0.13, respectively) and therefore were excluded in the reduced model
for analyses of all lactation performance and N balance data, and individual EAA efficiency values.
Pairwise comparisons (OPT vs. CON, OPTLEU vs. CON, and OPTLEU vs. OPT) were carried
out for different period of lactation (early, peak and 21-d overall lactation) using the slice option
in SAS and Tukey adjustment. Effects were declared significant at P <0.05, and tendencies at 0.05

<P <0.10.

RESULTS

Dietary Amino Acid Analyses

Analyzed N and individual EAA concentration values agreed closely with their calculated
values derived from selected NRC (2012) feed ingredients (Table 2.2). Analyzed values were
within a minimum of 96% of the expected calculated values. Of note however was Met, with
analyzed to calculated values of 87, 82 and 94% in CON, OPT and OPTLEU diets, respectively.
The discrepancy between calculated and analyzed values of Met was attributed to the omission of
supplemental bDL-Met in block 2 of the nitrogen balance studies, as revealed from the free AA
analysis report (see Table 2.2 footnote). In addition, the lower analyzed relative to calculated Met
concentration value in the CON diet may have been attributed to a lower Met concentration in
soybean meal in NRC (2012) than that of the actual concentration in soybean meal used for this
study. As described above in methods, because individual SID EAA intake was calculated with an

adjustment to account for any discrepancy between analyzed and calculated EAA concentrations,
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albeit very small for the majority of EAA, there was no difference in Met efficiency between

blocks.

Performance

Lactation performance data of all sows are presented in Table 2.3. Sow feed intake, BW
and back fat loss did not differ between dietary treatments. Sow BW and back fat loss differed
from zero (P = 0.025) for sows fed OPT and did not differ from zero in sows fed CON and
OPTLEU. The interaction between dietary treatments and lactation period for litter growth rate
(LGR) and ADG was significant (P < 0.05). Litter growth rate during early lactation period and
over the 21 days of lactation period did not differ across dietary treatments. At peak lactation,
compared to CON, LGR of sows fed OPT was greater (P < 0.05) and that of sows fed OPTLEU
did not differ. Compared to OPT, sows fed OPTLEU had lower LGR (P < 0.05).

Lactation performance, and milk nutrient concentration and output are presented in Table
2.4. In early lactation, piglet ADG, estimated daily milk yield, milk true protein, lactose and fat
concentration and output did not differ between diets. At peak lactation, piglet ADG of sows fed
OPTLEU was lower (P < 0.05) compared with that of sows fed OPT. Estimated daily milk yield
of sows fed OPT tended to be greater than CON (P = 0.06) and that of OPTLEU did not differ
from CON and was lower (P < 0.05) than OPT. Milk true protein and lactose concentration did
not differ between dietary treatments. Sows fed OPT tended to have higher (P = 0.08) milk fat
concentration than CON, and those fed OPTLEU did not differ from CON or OPT. Milk true
protein output did not differ between dietary treatments. Lactose output of sows fed OPT tended
to be greater (P = 0.107) than that of CON, but did not differ between OPTLEU and CON, and
was lower (P < 0.05) in sows fed OPTLEU compared to OPT. Milk fat output of sows fed OPT

was higher (P < 0.05) than CON and did not differ for sows fed OPTLEU when compared to CON

41



or OPT. In both early and peak lactation periods, milk urea N of sows fed OPT and OPTLEU was

lower (P < 0.01) compared to CON and did not differ between OPTLEU and OPT.

Nitrogen Balance

Nitrogen absorption, retention and utilization efficiency are presented in Table 2.5.

Early Lactation. Milk N excretion did not differ between sows fed OPT and CON, as well
as between OPTLEU and OPT. Compared to sows fed CON, urine output was lower (P < 0.05) in
OPT and tended to be lower (P = 0.10) in OPTLEU. Maternal N retention was positive (P < 0.05)
and did not differ between diets.

Peak Lactation. Milk N excretion of sows fed OPT tended to be greater (P = 0.06) than
those fed CON, and did not differ between OPTLEU and OPT. Sows fed OPT and OPTLEU had
lower (P < 0.01) maternal N retention compared with those fed CON.

Early and Peak Lactation. Nitrogen intake, N absorbed, urinary N excretion and total N
retention were lower (P < 0.05), and apparent efficiency of N utilization for milk N secretion was
greater (P < 0.05) in sows fed OPT and OPTLEU compared to sows fed CON, and did not differ

between OPTLEU and OPT.

True Nitrogen and Essential Amino Acid Efficiencies for Milk N and EAA Deposition

True dietary N and EAA efficiency for milk production are presented in Table 2.6.
Individual EAA efficiency did not differ between early and peak lactation periods. In early, peak
and overall lactation period, compared to CON, N, Arg, His, lle, Leu, Phe and Trp efficiency were
greater (P < 0.05) and those of Lys, Met and Val did not differ in sows fed OPT or OPTLEU. In
early lactation, compared to CON, Thr efficiency in sows fed OPT or OPTLEU did not differ. At
peak lactation, compared to CON, Thr efficiency tended to be greater (P = 0.054) in sows fed OPT,

but did not differ in sows fed OPTLEU. Individual EAA efficiency did not differ between
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OPTLEU and OPT, except for that of Leu and Met. Utilization efficiency of Leu in sows fed
OPTLEU was lower (P < 0.01) compared to sows fed OPT and did not differ from that of sows
fed CON. Utilization efficiency of Met was lower (P < 0.05) and tended to be lower (P = 0.10) in
sows fed OPTLEU compared to those fed OPT during peak and overall lactation period,

respectively.

DISCUSSION

The goal of the study was in part to determine the MBEV of N and EAA in lactating sows
by feeding a diet containing a NIAA profile. A diet limiting in all EAA down to the minimum
SID Leu requirement was first formulated. Because Arg is synthesized de novo, and its essentiality
has not been characterized for the lactating sow, it was not possible to create a practical diet
limiting in Arg, and therefore MBEV for Arg was not determined. To generate MBEYV biologically
relevant for practical prediction of EAA requirement, each limiting EAA was supplemented in
their crystalline form to meet their minimum SID requirement (NRC, 2012) and to attain a NIAA
profile. Several previous studies reported that similar dietary strategies to the current work either
maintained or increased milk yield, casein yield and LGR (Manjarin et al., 2012; Chamberlin et
al., 2015a, b; Huber et al., 2015). In the current study, the overall lactation performance was
unaffected however sow fed OPT had greater BW and back fat loss. In contrast, at peak lactation,
sows fed OPT had greater LGR and milk fat output and tended to have greater milk yield. The
results corroborate with those of Huber et al. (2015) who suggested that ameliorating dietary AA
balance may facilitate nutrient partitioning toward milk protein synthesis. Although sows fed a
NIAA profile diet had greater milk N production at peak lactation, neither milk true protein
concentration nor true protein yield differed. What was noticeably greater was the milk fat yield.

Estimation of body lipid mobilization is determined in the following chapter (Chapter 3) in order
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to further understand the potential impact of feeding a NIAA profile on nutrient partitioning. A
second objective was to determine whether the corresponding decrease in Leu concentration in
reduced CP diet (OPT) impacts the efficiency of Lys utilization. The only difference between OPT
and OPTLEU was the additional LEU in the OPTLEU diet whereby SID Leu:SID Lys was 1.14:1
and 1.63:1, respectively. The SID Leu:SID Lys was identical between OPTLEU and CON. As
initially hypothesized, addition of Leu to the OPT diet reduced milk yield at peak lactation to
similar level as that of CON, potentially indicating an AA imbalance and interaction between Leu
and other EAA utilization for milk production. Sows fed OPTLEU and CON did not lose
appreciable BW and were in positive maternal N balance. Supplementary Leu has been reported
to improve muscle (Escobar et al., 2006) and visceral (Torrazza et al., 2010) protein synthesis in
piglets, thus Leu in CON and OPTLEU may have played a role in nutrients partitioning away from
the mammary gland and towards maternal body.

It is clear that the reduced CP diets not only maintain lactation performances compared to
non-reduced CP diets, but greatly improve the global efficiency of N utilization. Feeding either
OPT or OPTLEU diets led to dramatic decrease in urinary N excretion and increase in overall
apparent N utilization efficiency for milk N production up to 73% and true N utilization efficiency
of up to 82.7%. Urine weight decreased by 58% and urinary N excretion by up to 60%. Difference
in daily quantitative urinary N excretion between CON and low protein diets (OPT or OPTLEU)
was attributed in this study to both urine volume and urinary N concentration. Others have also
reported that reducing dietary CP concentrations can lead to lower urine volume in horses
(Wickens, 2003), lactating sows (Huber et al., 2015) and growing pigs (Shaw et al., 2006).
Additionally, the lower milk urea N secretion parallels the urinary N excretion, suggesting less

AA catabolism in OPT than CON diets (Huber et al., 2015). Across diets, sows were in a positive
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maternal N balance in early lactation, whereas sows fed OPT ended up at maternal N equilibrium
during peak lactation. The apparent discrepancy between average maternal N retention (17 £ 8 g/d,
Table 2.5) and BW loss (400 + 143 g/d, Table 2.3) of OPT fed sows may be explained in part by
the contribution from fat loss rather than from body protein loss. Furthermore, 400 g BW loss per
day translates into 2 £ 3 g N/d when accounting for water and protein mass (NRC, 2012). In
addition, there may have been some degree of overestimation of N retention (MacRae et al., 1993).

Level of dietary CP reduction and CAA inclusion, and the practical implementation of
thereof for lactating sows is dependent on feed and AA costs, and whether environmental
constraints are in place. A major focus of the current study was to determine MBEV for individual
EAA and to assess whether Leu impacts efficiency of EAA. Accurate prediction of dietary AA
requirement using the factorial approach is directly dependent on MBEV, a fundamental focus of
the modeling approach employed by NRC (2012). The reported MBEV in NRC (2012) however
were not experimentally determined except for that of Lys, which was later validated by Huber et
al. (2015). Thus, reduced CP diets with a NIAA profile is a powerful tool to experimentally
generate MBEV of EAA. In the study reported by Huber et al. (2016), MBEV was only estimated
for Lys because all other EAA were present in excess of requirement in the reduced CP diets.
When predicting efficiency of EAA using the available literature data (White et al., 2016), the
majority of efficiency of EAA are grossly underestimated relative to those of NRC (2012). The
majority of available studies have focused on assessing the minimum requirement for Lys which
corresponds to the point of near maximum biological utilization. Therefore, Lys is the only EAA
for which reliable efficiency value can be predicted (NRC, 2012; White et al., 2016) and a close
estimation of Lys requirement for milk production exist.

This study aimed at assessing whether MBEV of Lys is independent from N and EAA
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concentration because NRC (2012) estimated MBEV of Lys in diets containing N and all of the
other AA in excess of their requirements. Similarly, Huber et al. (2015) validated MBEV of Lys
in sows fed reduced CP diet and containing the other EAA in excess of their requirement.
Utilization efficiency of 66.2% for Lys at peak lactation in the present study was similar to that of
Huber et al. (2016) at 67.6% and NRC (2012) at 67.0 %. As mentioned earlier, separate MBEV
for early and peak lactation may be potentially relevant if phase feeding is implemented in lactation.
Both Huber et al. (2016) and NRC (2012) used calculated SID Lys values to estimate efficiency.
Here, if calculated values are used, overall lactation Lys MBEV (data not shown) aligns perfectly
with that of NRC (2012). Instead, the calculated AA values were adjusted based on the analyzed
values to account for discrepancy, because a minor discrepancy can have a large impact on
efficiency estimation.

In the current study, the OPT diet formulated to contain a NIAA profile was used to
estimate MBEYV of individual EAA. There were noticeable changes in efficiency values from early
to peak lactation between diets; however, the limited number of sows and the relatively high SEM
precluded drawing strong conclusions pertaining to the impact of lactation stage. Nonetheless,
because trends were very consistent for each individual EAA, N and averaged EAA, additional
work is clearly warranted to ascertain the individual MBEV of EAA in early and peak lactation
with a larger number of sows. Results herein are pointing to possible larger differences in EAA
requirements between early and peak lactation, which is not captured in the current NRC (2012)
because only one MBEV was estimated for the entire lactation period.

Consistent and significantly greater efficiency of use for Arg, His, lle, Leu, Met + Cys, Phe,
Phe + Tyr and Trp in sows fed OPT relative to those fed CON indicate that these AA were in

excess of requirements in the CON diet during both early and peak lactation. As well, except for
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Arg, these EAA reached their MBEV in the OPT diet because this diet was definitively limiting in
lle, Leu, Met + Cys, Phe, Phe + Tyr and Trp. For Thr, the noticeable trend from early to peak
lactation between diets is indicative that Thr was in excess of requirement in early lactation and
near requirement in the OPT diet at peak lactation. On the other hand, efficiency values of VVal and
Met did not differ between OPT and CON. It is therefore likely that both Met and Val were near
their minimum requirement and were at maximum biological efficiency in the CON diet. Such
low MBEYV for Val is supported by several studies, as previously mentioned in Chapter 1. For
instance, Val uptake by the sow mammary gland relative to its output in milk is the largest amongst
the EAA (Trottier et al., 1997; Lei et al., 2012). Previous in vivo isotope tracer research conducted
in our lab (Guan et al., 2002) showed that the net Val output to net Val uptake ratio by mammary
gland was 0.56 in sows fed a diet with Val: Lys of 1.04, and 0.45 in sows fed a diet with Val to
Lys ratio of 1.37. In this study, Val MBEV was 57% in sows fed Val: Lys of 0.88 (OPT), closely
agreeing with Guan et al. (2002). The net Val output:net Val uptake determined with tracer
approach is essentially a true mammary efficiency value because it is independent from Val used
for maintenance and Val from body protein mobilization. Therefore, the study by Guan et al. (2002)
validates the calculations used herein and by others (NRC, 2012; Huber et al., 2016) for estimating
efficiency of EAA utilization. It is proposed herein to adopt the word “true” when estimating
efficiency using such approach. Moreover, Val requirement for swine lactation has been reported
as 44.3 g/d by Guan et al. (2004) based on maximal mammary uptake of EAA, which is higher
than a predicted 38.5 g/d based on NRC (2012) model. Xu et al. (2016) suggested a higher Val:
Lys requirement ratio (88-113%) than 85% previously reported by NRC (2012) based on minimum
back fat loss and maximum piglet growth rate, suggesting that Val MBEV from NRC (2012) may

be slightly overestimated, and as such, underestimating Val requirement. Metabolic pathways of
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Val utilization in mammary gland are unknown. Trottier (1995) proposed that Val is retained by
the mammary gland for re-modelling of in situ mammary proteins. Valine was also reported to be
used for the synthesis of glutamate AA family (Li et al., 2009). The data is this study point to Val
among the top 4 limiting EAA, as previously suggested by others (Kim et al., 2001; Xu et al.,
2016).

For several EAA, the overall MBEV derived from the OPT diet agree with those of NRC
(2012), except for Arg and Phe. Estimated efficiency values for Arg and Phe were noticeably lower
than those reported in NRC (2012), i.e., 61.1 vs. 81.6% and 53.4 vs. 73.3%, respectively. The
amount of Arg taken up by the mammary glands greatly exceeds Arg output in milk (Trottier et
al., 1997; O’Quinn et al. 2002), therefore its efficiency of use for milk protein we be expected to
be relatively low. Furthermore, since Arg is synthesized de novo via the intestinal-renal axis
(Tomlinson etal., 2011; Marini et al., 2017), it is recognized as a conditionally essential AA (NRC,
2012). It is likely that the NRC (2012) reported value of 81.6% is a gross overestimation and a true
MBEV for Arg may not be estimable. In regard to Phe, it is unknown whether its low efficiency
is indicative that Phe was in excess in the OPT diet. On the other hand, mammary metabolic
pathways for Phe are unknown but it is possible that there is a high rate of Phe hydroxylation to
Tyr in mammary tissue. For instance, total aromatic EAA efficiency value from OPT compared
to NRC (2012) was very close, i.e., 69.5 vs. 70.5%. Threonine MBEV between the current study
and NRC (2012) was lower than expected with 71.0 vs 76.4%. As observed for Lys, Thr MBEV
at peak lactation was 74.5% which is in closer agreement with that of NRC (2012) value for the
overall lactation of 76.4%.

In Chapter 1, presence of competitive inhibition between AA for their utilization by the

mammary gland, potentially between Lys and Leu was reviewed (Guan et al., 2004; Manjarin et

48



al., 2012). High concentration of Leu was reported to inhibit Lys uptake in rat mammary explants
(Shennan et al., 1994; Calvert and Shennan, 1996). Reduced CP diet with CAA inclusion increased
mammary extraction efficiency of Lys and Arg (Manjarin et al., 2012). Thus in this study, it was
questioned whether an increase in efficiency of EAA in a reduced CP diet was related in part to a
reduction in Leu. Addition of Leu to the OPT did not impact efficiency of Lys or the majority of
EAA, but reduced efficiency of Met. This response was unexpected but offers an insight into
potential interaction between crystalline Leu and Met utilization by the mammary gland via

common transporter systems (Manjarin et al., 2014).

CONCLUSION

The MBEYV for individual EAA were estimated for lle, Leu, Lys, Met, Met + Cys, Phe +
Tyr, Thr, Trp and Val by feeding a diet that met the minimum SID requirement for Leu. Generating
efficiency estimates for Arg and potentially His may not be biologically relevant given de novo
synthesis of Arg and possible mammary excretion of His (Trottier et al., 1997). Valine MBEYV is
low relative to other EAA and agrees with that of NRC (2012) and previous work which supports
a low efficiency of Val utilization for milk production. Nonetheless, testing OPT diets with
limiting Val as low as 50% of NRC (2012) are critically needed to further validate this low
efficiency value. In addition, the MBEV of other EAA, in particular Thr and Phe should be
validated using the same approach but with graded levels of inclusion from 30% below to 30%
above NRC (2012) requirements using a similar OPT diet as used in this study. Leucine did not
reduce efficiency of N, Lys and other EAA utilization, therefore Leu concentration in conventional
diets is unlikely to be directly affecting the global utilization of N as proposed in earlier work.
Feeding a NIAA diet not only maintained overall milk production and litter growth, but increased

litter growth between d 14 and 18 of lactation, corroborating results from previous studies. The
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increase in performance was accompanied by greater milk fat yield and a tendency to increase
milk production, reduction in maternal N retention and lost in BW and back fat, indicating possible
nutrient repartitioning towards the mammary glands. Leucine therefore may be playing a role in
maternal N retention and sow body condition during lactation rather than interacting with Lys
utilization for milk production, as initially hypothesized. In fact, it is unknown whether feeding
reduced CP diets to lactating sows over multiple lactations affect sow body condition and longevity.
As mentioned earlier, practical implementation of such diets will depend on feed and CAA
availability and costs, and on environmental constraints. Continued testing of such diets to generate
and validate the MBEV of EAA is critical to refine future models for prediction of EAA
requirements. The increase in several EAA efficiency with reduction in dietary protein and
improvement of AA balance suggest a need to establish a dynamic model to predict EAA
requirement under different scenarios of dietary protein concentrations and crystalline AA
inclusion rates. In the next chapter, the impact of NIAA and Leu supplementation on the efficiency

of energy partitioning and utilization is addressed.
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Table 2.1. Ingredient composition and nutrient content of experimental diets (as-fed)

Control Optimal Optimal + Leu
Ingredient composition, %
Corn, yellow dent 59.17 61.45 61.21
Soybean meal, 48 % CP 30.00 14.00 14.00
Soy hulls 0 10.57 10.57
Sugar food product! 5.00 5.00 5.00
Beef tallow 3.35 5.02 481
L-Lys-HCI 0 0.47 0.47
L-Val 0 0.29 0.29
L-Thr 0 0.20 0.20
L-Phe 0 0.13 0.13
DL-Met 0 0.11 0.11
L-lle 0 0.08 0.08
L-His 0 0.07 0.07
L-Trp 0 0.05 0.05
L-Leu 0 0 0.45
Limestone 1.18 0.93 0.93
Dicalcium phosphate 0.45 0.78 0.78
Sodium chloride 0.50 0.50 0.50
Vitamin and mineral
premix>? 0.25 0.25 0.25
Titanium dioxide 0.10 0.10 0.10
Total 100.00 100.00 100.00
Calculated nutrient
concentration®
NE, kcal/kg 2,580 2,580 2,580
CP, % 19.24 14.00 14.34
Fermentable fiber, % 11.58 11.58 11.57
SID* AA, %
Arg 1.17 0.71 0.71
His 0.47 0.37 0.37
lle 0.71 0.52 0.52
Leu 1.47 1.03 1.47
Lys 0.90 0.90 0.90
Met® 0.27 0.30 0.30
Met + Cys 0.54 0.49 0.49
Phe 0.84 0.67 0.67
Phe + Tyr 1.38 1.03 1.03
Thr 0.61 0.58 0.58
Trp 0.21 0.17 0.17
Val 0.77 0.79 0.79
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Table 2.1. (cont’d)

N 2.63 1.88 1.93
Total Ca, %° 0.65 0.65 0.65
STTD P, %° 0.23 0.23 0.23

1Supplied per kg: NE 2,842 kcal; fermentable fiber 0.05 %; CP 1.00 % (International Ingredient
Corporation, St. Louis, MO).

2Sow micro 5 and Se-yeast PIDX15 (Provimi North America, Inc. Brookville, OH).

3Based on nutrient concentrations in feed ingredients according to NRC (2012).

“SID = standardized ileal digestible (NRC, 2012).

SMet concentration in OPT and OPTLEU is higher than CON because Met was added to meet

Cys requirement (Met + Cys).

®Concentrations of Ca and P were based on phytase activity from the premix.
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Table 2.2.Analyzed and calculated concentration of nitrogen (N), total and free essential amino
acids (EAA) in experimental diets® (as-fed)

Control Optimal Optimal + Leu

Analyzed Calculated? Analyzed Calculated Analyzed Calculated

Total, %

DM 88.76 - 88.95 - 89.15 -

N 3.00 3.08 2.20 2.24 2.28 2.29
Arg 1.23 1.26 0.75 0.78 0.80 0.78
His 0.49 0.53 0.39 0.43 0.40 0.43
lle 0.85 0.81 0.61 0.60 0.64 0.60
Leu 1.65 1.67 1.14 1.19 1.59 1.64
Lys 1.11 1.04 1.08 1.01 1.11 1.01
Met 0.27 0.31 0.27 0.33 0.31 0.33
Met + Cys 0.56 0.63 0.48 0.57 0.52 0.57
Phe 0.98 0.96 0.75 0.76 0.77 0.76
Phe + Tyr 1.60 1.59 1.19 1.20 1.23 1.20
Thr 0.72 0.73 0.64 0.68 0.66 0.68
Trp 0.25 0.23 0.18 0.19 0.18 0.19
Val 0.94 0.90 0.89 0.89 0.92 0.89

Free AA, %

Arg 0.03 0.00 0.01 0.00 0.01 0.00
His 0.00 0.00 0.07 0.07 0.07 0.07
lle 0.01 0.00 0.08 0.08 0.08 0.08
Leu 0.01 0.00 0.01 0.00 0.43 0.45
Lys 0.02 0.00 0.36 0.37 0.37 0.37
Met® 0.00 0.00 0.07 0.11 0.07 0.11
Met + Cys 0.00 0.00 0.07 0.11 0.07 0.11
Phe 0.00 0.00 0.12 0.13 0.12 0.13
Phe + Tyr 0.01 0.00 0.12 0.13 0.12 0.13
Thr 0.02 0.00 0.20 0.20 0.20 0.20
Trp* - 0.00 - 0.05 - 0.05
Val 0.00 0.00 0.27 0.29 0.27 0.29

!Analyzed values represent average across 3 blocks (feed mixes).

2Calculated values for the total AA are based on the AA concentration in feed ingredients
according to NRC (2012), and calculated values for the free AA correspond to the dietary
inclusion rate in crystalline form.

3Addition of bL-Met was omitted in one of the 3 blocks, thus reducing the overall free Met
concentration across all 3 blocks. The average free Met concentration between blocks 1 and 3
was 0.11 and was zero in block 2. Therefore, across blocks 1, 2 and 3, average free Met was
0.07.

*Analysis of free Trp was not performed.
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Table 2.3. Lactation performance of all sows fed Control (CON; 18.74 % CP), Optimal (OPT; 13.78% CP) or Optimal + Leucine
(OPTLEU; 14.25% CP) over a 21-d lactation period

Diet P-Value
Item SEM!  OPTvs OPTLEU vs. OPTLEU vs.
CON OPT OPTLEU CON CON OPT
Number of sows 18 19 17
Parity 3.4 3.5 3.3
Sow ADFI, kg/d?
Overall, day 1 to 21 5.30 5.18 5.23 0.22 0.809 0.923 0.970
Early, day 4 to 8 4,73 4.39 4.45 0.25 0.341 0.494 0.969
Peak, day 14 to 18 6.27 6.28 6.23 0.25 0.999 0.987 0.981
Sow initial BW, kg 246 249 252 7 0.921 0.787 0.953
Sow BW change?®, kg -1.6 -8.4* -0.6 3.0 0.282 0.969 0.216
Sow initial back fat, mm 16.9 18.8 18.8 1.4 0.432 0.445 1.000
Sow back fat change®, mm -1.2 -3.6* -1.6 0.9 0.188 0.932 0.310
Litter size
day 1* 10.3 10.3 10.2 0.2
day 21 9.6 10.0 9.9 0.3
Litter growth rate, kg/d?
Overall, day 1 to 21 2.45 2.59 2.35 0.13 0.541 0.700 0.208
Early, day 4 to 8 2.33 2.35 2.44 0.18 0.990 0.854 0.911
Peak, day 14 to 18° 2.71 3.28 2.65 0.18 0.026 0.963 0.016
Piglet ADG, g/d?
Overall, day 1 to 21 253 259 237 9 0.896 0.485 0.291
Early, day 4 to 8 233 234 244 15 1.000 0.877 0.885
Peak, day 14 to 18° 278 329 264 16 0.047 0.797 0.011

!Maximum value of the standard error of the least squares means.

2The main effect of period (early vs. peak) was significant (P < 0.01) for feed intake, LGR, and ADG. Interaction of treatment X
period for LGR (P = 0.035) and ADG (P = 0.033). LGR = litter growth rate.

3"Body weight and back fat change were different from 0 (P = 0.025 and P = 0.005, respectively).

“Litter size after standardization (within 24 h after parturition).

®0One litter (OPTLEU) was excluded for LGR and ADG due to a negative growth rate.
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Table 2.4. Performance and milk nutrient composition and yield in early and peak lactation periods of sows selected for the N balance
studies and fed Control (CON; 18.74 % CP), Optimal (OPT; 13.78% CP) or Optimal + Leucine (OPTLEU; 14.25% CP) diets

Diet P-Value
Item SEM! "OPT vs OPTLEUvs.  OPTLEU vs.
CON OPT OPTLEU CON CON OPT
Early Lactation (day 4-8)?
Number of sows 12 11 11
Sow ADFI, kg/d 4.93 4.64 4.58 0.23 0.390 0.268 0.957
Litter size 10.3 10.3 10.2 0.3
Piglet ADG, g/d 248 248 255 21 1.000 0.962 0.957
Estimated milk yield, kg/d® 8.76 8.84 8.79 0.94 0.996 0.999 0.999
Milk nutrient concentration
True protein, % 4.49 4.25 4.25 0.14 0.315 0.335 1.000
Urea nitrogen, mg/dL 12.30 3.81 3.51 0.82 <0.001 <0.001 0.949
Lactose, % 5.52 5.49 5.60 0.20 0.952 0.738 0.560
Fat, % 6.93 7.89 6.97 0.50 0.342 0.998 0.378
Milk nutrient output, g/d
True protein output 390.5 375.3 387.4 39.0 0.954 0.998 0.971
Lactose output 484.6 486.7 494.5 534 0.999 0.981 0.988
Fat output 606.3 701.4 621.0 89.4 0.730 0.993 0.800
Peak lactation (day 14-18)?
Number of sows 11 11 11
Sow ADFI, kg/d 6.83 6.65 6.38 0.23 0.722 0.125 0.422
Litter size 9.9 10.2 9.9 0.3
Piglet ADG, g/d 262 311 238 22 0.173 0.648 0.031
Estimated milk yield, kg/d® 11.62 13.90 11.01 0.98 0.059 0.809 0.016
Milk nutrient concentration
True protein, % 4.41 4.35 4.39 0.14 0.934 0.994 0.966
Urea nitrogen, mg/dL 15.51 4.84 5.85 0.82 <0.001 <0.001 0.572
Lactose, % 5.65 5.69 5.62 0.20 0.888 0.965 0.755
Fat, % 6.23 7.76 7.00 0.50 0.083 0.510 0.510

Milk nutrient output, g/d
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Table 2.4. (cont’d)

True protein output 512.3 607.3 530.7 39.8 0.195 0.935 0.333
Lactose output 655.5 767.2 619.8 55.0 0.107 0.793 0.030
Fat output 725.9 1077.7 841.2 90.0 0.026 0.637 0.165

!Maximum value of the standard error of the least squares means.

2The main effect of period (early vs. peak) was significant except for ADG, milk fat, protein, lactose, and, milk N output/N intake.
3Estimated milk yield was based on piglet ADG.

56



Table 2.5. Nitrogen utilization for milk in early and peak lactation periods in sows selected for the N balance studies and fed Control
(CON; 18.74 % CP), Optimal (OPT; 13.78% CP) or Optimal + Leucine (OPTLEU; 14.25% CP) diets!

Diet P-Value
Item SEM? "OPT vs OPTLEU vs. OPTLEU vs.
CON OPT OPTLEU CON CON oPT

Early lactation (day 4-8)3
Number of sows 12 11 11
Body weight, kg* 245.4 255.8 246.3 7.4 0.440 0.994 0.493
N intake, g/d 152.1 112.9 106.0 4.7 <0.001 <0.001 0.482
N absorbed, g/d 137.4 93.8 95.7 3.8 <0.001 <0.001 0.936
Dry fecal output, kg/d 0.523 0.538 0.586 0.057 0.979 0.713 0.826
Urine weight, kg/d 10.1 4.7 55 1.5 0.047 0.103 0.920
Urinary N, g/kg 491 3.22 3.23 0.64 0.161 0.166 0.999
N excretion, g/d

Fecal N 14.6 15.5 16.6 1.5 0.909 0.625 0.864

Urinary N 37.8 14.3 14.9 4.4 <0.001 <0.001 0.993

Milk N 61.7 59.0 62.1 5.4 0.927 0.999 0.909
Total N retention, g/d 99.6 79.6 80.1 5.1 0.009 0.011 0.948
Maternal N retention, g/d® 37.8" 20.7" 20.0" 8.2 0.308 0.286 0.998
Apparent N utilization efficiency

Total N retention, % of N intake ~ 65.5 72.3 75.8 3.0 0.050 0.005 0.315

Total N retention, % of N 724 846 84.1 30 0.002 0.003 0.882
absorbed

Milk N output, % of N intake 41.1 54.7 58.3 3.2 0.005 <0.001 0.417

Milk N output, % of N absorbed  45.4 63.6 66.1 3.8 0.006 0.002 0.890
Peak lactation (day 14-18)3
Number of sows 11 11 11
Body weight, kg* 249.4 249.3 250.0 7.5 0.999 0.998 0.996
N intake, g/d 210.0 151.5 145.7 4.4 <0.001 <0.001 0.565
N absorbed, g/d 189.3 130.3 122.3 3.8 <0.001 <0.001 0.311
Dry fecal output, kg/d 0.72 0.74 0.81 0.06 0.971 0.461 0.600
Urine weight, kg/d 13.2 5.6 6.1 1.5 0.005 0.009 0.969
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Table 2.5. (cont’d)

Urinary N, g/kg 4.06 3.30 3.17 0.64 0.683 0.593 0.988
N excretion, g/d

Fecal N 20.3 21.2 22.9 1.5 0.901 0.429 0.689

Urinary N 36.9 17.7 18.6 4.5 0.006 0.008 0.984

Milk N 81.7 99.4 85.5 5.4 0.064 0.871 0.168
Total N retention, g/d 149.8 112.7 109.6 5.2 <0.001 <0.001 0.671
Maternal N retention, g/d 68.3" 13.4 17.8" 8.2 <0.001 <0.001 0.922
Apparent N utilization efficiency

Total N retention, % of intake 71.4 74.5 73.4 3.0 0.363 0.556 0.756

Total N retention, % of 792 8656 87.2 30 0.050 0.037 0.862
absorbed

Milk N output, % of N intake 39.5 62.9 58.4 3.6 <0.001 < 0.001 0.328

Milk N output, % of N absorbed  43.9 73.2 69.5 3.8 <0.001 <0.001 0.780

INitrogen balance was conducted between day 4 and day 8 or day 14 and day 18 for either 48 h or 72 h.
2Maximum value of the standard error of the least squares means.

3The main effect of period was significant for all variables, except BW, UN output, maternal N retention, NB/N intake, milk N/N

intake, milk N/N absorb.

*Body weight of day 1 and day 21 were used as reference for early and peak lactation.

“Maternal N retention was different from 0 (P < 0.05).
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Table 2.6. True dietary AA utilization efficiency estimated based on maternal N retention for milk protein production of sows fed
Control (CON; 18.74 % CP), Optimal (OPT; 13.78% CP) or Optimal + Leucine (OPTLEU; 14.25% CP) diets between d 4 and 8 of
lactation (early lactation) and between d 14 and 18 of lactation (peak lactation)

Diet P-value

Iltem CON OPT OPTLEU ZNOFf; SEM? "OPTvs  OPTLEU vs. OPTLEU

CON CON vs. OPT
Early Lactation (day 4 - 8)3
Number of sows* 12 10 11
Arg 32.8 58.4 54.9 - 3.7 < 0.001 <0.001 0.728
His 54.1 74.3 72.5 - 5.1 0.002 0.004 0.755
lle 41.7 61.9 59.4 - 45 0.001 0.002 0.853
Leu 45.2 71.2 48.1 - 3.5 <0.001 0.491 <0.001
Lys 57.3 60.1 58.5 - 3.6 0.823 0.960 0.944
Met 62.4 64.6 56.0 - 4.3 0.885 0.368 0.197
Met+Cys 59.8 74.3 68.2 - 5.6 0.035 0.274 0.520
Phe 36.9 50.6 49.5 - 3.7 0.006 0.010 0.955
Phe+Tyr 45.8 65.8 63.9 - 4.4 0.002 0.004 0.926
Thr 58.7 67.4 66.4 - 4.6 0.252 0.314 0.984
Trp 445 66.1 66.7 - 6.0 0.010 0.008 0.996
Val 50.4 54.2 52.7 - 3.9 0.645 0.846 0.934
N 50.7 75.4 12.7 - 4.1 < 0.001 0.002 0.882
EAA> 50.1 63.4 58.8 - 4.2 0.026 0.167 0.607
Peak lactation (day 14-18)3
Number of sows* 9 10 9
Arg 33.8 63.8 57.5 - 3.8 < 0.001 <0.001 0.399
His 55.7 82.2 75.9 - 5.3 < 0.001 0.004 0.308
lle 42.9 68.8 62.3 - 4.6 < 0.001 0.003 0.391
Leu 46.3 79.1 50.7 - 3.7 <0.001 0.366 <0.001
Lys 58.9 66.2 61.3 - 3.8 0.325 0.893 0.581
Met 64.5 71.3 58.3 - 4.5 0.375 0.460 0.041
Met+Cys 61.8 82.2 71.0 - 5.8 0.005 0.287 0.148

59



Table 2.6. (cont’d)

Phe 38.1 56.3 51.8 - 3.8 < 0.001 0.011 0.542
Phe+Tyr 47.0 73.2 67.1 - 4.6 <0.001 0.004 0.497
Thr 60.5 74.5 69.3 - 4.7 0.054 0.302 0.628
Trp 45.7 74.2 69.6 - 6.1 0.001 0.007 0.792
Val 51.8 59.9 55.0 - 4.1 0.191 0.764 0.531
N 51.9 82.7 75.9 - 4.3 <0.001 0.002 0.497
EAA> 51.6 70.2 61.6 - 4.4 0.003 0.149 0.212
Overall lactation®

Arg 33.3 61.1 56.2 81.6 3.2 0.004 0.008 0.469
His 54.9 78.3 74.2 712.2 4.4 0.016 0.030 0.679
lle 42.3 65.4 60.8 69.8 4.0 0.007 0.016 0.500
Leu 45.7 75.1 494 72.3 2.9 0.002 0.574 0.004
Lys 58.1 63.2 59.9 67.0 2.9 0.451 0.889 0.688
Met 63.4 67.9 57.2 67.5 3.8 0.523 0.333 0.100
Met+Cys 60.8 78.2 69.6 66.2 51 0.034 0.224 0.230
Phe 37.5 53.4 50.6 73.3 3.2 0.016 0.030 0.677
Phe+Tyr 46.4 69.5 65.5 70.5 3.7 0.010 0.021 0.620
Thr 59.6 71.0 67.9 76.4 3.9 0.123 0.254 0.773
Trp 45.0 70.1 68.1 67.4 5.5 0.029 0.038 0.941
Val 51.1 57.0 53.8 58.3 3.4 0.297 0.719 0.650
N 51.3 79.1 74.3 75.9 3.3 0.009 0.017 0.600
EAA>® 50.8 66.8 60.2 - 3.6 0.029 0.141 0.293

Efficiency values of AA for lactation were reported by NRC (2012) only for the whole lactation period.

2Maximum value of the standard error of the least squares means.

3The main effect of period was not significant (EAA period effect: CON, P = 0.740; OPT, P = 0.128; OPTLEU, P = 0.537).

“Only sows consuming at least 75% of the predicted feed intake over the entire 4 day periods (i.e., 4-8 day and 14-18 day) were
included in the estimation of efficiency values.

SEAA is the average efficiency values of all the EAA listed above excluding Arg.

®Mean values between early and peak.
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CHAPTER 3
REDUCED PROTEIN DIET WITH NEAR IDEAL AMINO ACID PROFILE IMPROVES

ENERGY EFFICIENCY AND MITIGATE HEAT PRODUCTION ASSOCIATED WITH
LACTATION IN SOWS

ABSTRACT

The study objective was to test the hypothesis that 1) lowering dietary crude protein (CP)
increases dietary energetic efficiency and reduces metabolic heat associated with lactation, and 2)
excessive dietary leucine (Leu) supplementation in a low CP diet decreases dietary energetic
efficiency and increases metabolic heat associated with lactation. Fifty-four lactating multiparous
Yorkshire sows were allotted to 1 of 3 isocaloric diets (2,580 kcal/kg net energy): 1) Control (CON;
18.75% CP), 2) reduced CP with a near ideal or optimal AA profile (OPT; 13.75% CP) and 3) diet
OPT with excessive Leu (OPTLEU; 14.25% CP). Sow body weight and backfat were recorded on
day 1 and 21 of lactation and piglets were weighed on day 1, 4, 8, 14, 18, and 21 of lactation.
Energy balance was measured on sows during early (day 4 - 8) and peak (day 14 -18) lactation,
and milk was sampled on day 8 and 18. Over 21-day lactation, sows fed OPT lost body weight and
body lipid (P < 0.05). In peak lactation, sows fed OPT had higher milk energy output (P < 0.05)
than CON. Sows fed OPTLEU tended (P = 0.07) to have less milk energy output than OPT and
did not differ from CON. Maternal energy retention was lower (P < 0.05) in OPT and OPTLEU
compared to CON sows, and did not differ between OPTLEU and OPT sows. Milk nitrogen output
relative to metabolizable energy intake tended to be higher (P = 0.088) for sows fed OPT than
CON. Sows fed OPT had higher (P < 0.05) apparent energy efficiency for milk production
compared to CON. Heat production associated with lactation was lower (P < 0.05) or tended to be
lower (P = 0.082), respectively, in OPT and OPTLEU compared to CON sows. To summarize, the

OPT diet, in peak lactation, improved dietary energy utilization for lactation due to less urinary
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energy and metabolic heat loss, and triggered dietary energy deposition into milk at the expense
of maternal lipid mobilization. Leucine supplementation above requirement, in peak lactation, may
reduce dietary energy utilization for lactation by decreasing the energy partitioning towards milk,

partially explaining the effectiveness of OPT diet over CON diets.

INTRODUCTION

Lactation is an energetically costly process that depends on the sow’s ability to consume
enough energy to sustain milk production. Voluntary feed intake however is biologically limiting
(Eissen et al., 2000) and the sow must rely of her body fat and protein when milk energy demand
exceeds energy intake. Over the past decades, larger litter size at birth due to genetic selection have
increased lactation demands (Strathe et al., 2016; Zhang et al., 2016). Strategies to improve the
efficiency of dietary energy utilization are needed to sustain greater levels of milk production.

Lowering dietary crude protein (CP) in growing-finishing pigs improves energetic
efficiency (i.e., retained tissue net energy:gross energy intake) due to reduced heat and urinary
energy loss (Le Bellego et al.,, 2001; Kerr et al., 2003). Feeding diets with reduced CP
concentrations and improved amino acid (AA) balance to lactating sows improve the efficiency of
N and essential amino acid (EAA) utilization (Huber et al., 2015; Huber et al., 2016). In Chapter
2 (Zhang et al., 2019), feeding a diet with NIAA profile maximized efficiency of utilization for
several EAA and reduced urinary N excretion and appeared to increase nutrient partitioning
towards mammary metabolism. Therefore, in this chapter, the impact of feeding such diet on
energy partitioning and efficiency is examined. In addition, NIAA profile may also reduce heat
production due to changes in metabolic demand resulting from less AA destined to oxidation.

In Chapter 2 (Zhang et al., 2019), it was hypothesized that the improved AA utilization
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efficiency from feeding reduced CP diets may be associated with lower intake of leucine (Leu).
The premise was based on the notion that high Leu concentrations inhibit lysine (Lys) uptake in
rat mammary explants (Shennan et al., 1994; Calvert and Shennan, 1996), and that potential
competitive inhibition exists between Lys and Leu utilization by the mammary gland (Guan et al.,
2004; Manjarin et al., 2012), as reviewed in Chapter 1. Addition of Leu to a reduced CP diet
however did not have noticeable impact on Lys efficiency, but milk yield in peak lactation was
reduced and similar to that of sows fed a conventional diet, indicating some energy partitioning
away from the mammary gland. In contrast, the reduced CP diet without added Leu led to greater
milk yield, milk fat and lactose output and litter growth rate, but also resulted in body weight (BW)
and back fat losses during peak lactation. What was noticeably greater was the milk fat
concentration and milk fat yield in sows fed the reduced CP diet. Estimation of body lipid
mobilization is needed to further understand the potential impact of feeding an improved AA
profile on energy partitioning.

The study objective was to estimate dietary energetic efficiency, energy partitioning and
heat production for lactation in sows fed the same diets as presented in Chapter 2: a conventional
diet with Leu:Lys of 1.63 (control), a reduced CP diet meeting the minimum standardized ileal
digestibility (SID) requirement for Leu (NRC, 2012) and with Leu:Lys of 1.14 (optimal), and a
reduced CP diet with a SID Leu concentration and ratio to Lys to be the as that of control (i.e.,
1.63) (optimal + Leu). It is hypothesized that 1) lowering CP to meet the minimum SID Leu
requirement and Leu:Lys of 1.14, increases dietary energetic efficiency for lactation and reduces
heat production associated with lactation compared to a non-reduced CP diet with Leu:Lys of 1.63,
and 2) supplementation of Leu to the reduced CP diet to meet Leu:Lys of 1.63 reduces dietary

energy partitioning towards milk compared to the reduced CP diet with Leu:Lys of 1.14.
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MATERIALS AND METHODS

Animals and Feeding

Fifty-four purebred multiparous (parity 3.4 + 0.6) Yorkshire sows were selected at day 105
of gestation, balanced by parity and randomly assigned to 1 of 3 dietary treatments [control (CON),
n = 18; Optimal (OPT), n = 19; Optimal + Leu (OPTLEU), n = 17)]. Sows were moved to
conventional farrowing crates and accustomed to their experimental diets beginning at day 105 of
gestation. Within the first 24 h of farrowing, litters were equalized to 11 piglets with the objective
of weaning 10 piglets per sow. Sows were gradually fed 1.88 kg/d on day 1 to reach 7.44 kg/d on
day 21 of lactation according to the NRC model (2012), corresponding to an average daily feed
intake of 6 kg/d. Sows were provided 3 meals (0700, 1300, 1700 h) daily with actual feed intake
and feed refusal recorded before each morning meal. Fresh water was available freely for all sows
and piglets. Iron injection and surgical castration were conducted on day 1 and 7 post-farrowing,
respectively, according to farm protocol. Piglets were not supplied with creep feed. The BW and
backfat thickness of sows were recorded on day 1 and 21, and litter weights were recorded on day
1,4,8,14, 18, and 21. Milk yield was estimated for early (between day 4 and 8) and peak lactation

(between day 14 and 18) according to Zhang et al. (2019).

Dietary Treatment

Ingredients and calculated nutrient composition of the diets are presented in Table 2.1.
Analyzed total (hydrolysate) and free AA of the diets are presented in Table 2.2. The NRC (2012)
model was used to estimate requirements for AA, net energy (NE), calcium (Ca) and phosphorus
(P). The requirements were predicted based on the swine herd performance at the Michigan State
University Swine Teaching and Research Center, as follows: sow BW of 210 kg, parity number of

2 and above, and daily intake of 6 kg/day, litter size of 10, piglet BW gain of 280 g/day over a 21-
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day lactation period, and an ambient temperature of 20 °C. The model predicted a minimum sow
BW loss of 7.5 kg and the protein:lipid in the model was adjusted to the minimum allowable value
of near zero. All diets were formulated to contain the same SID Lys (0.9%) and NE (2,580 kcal/kg)
concentrations.

The control diet (CON) was formulated using corn and soybean meal as the only sources
of Lys to meet NRC (2012) SID Lys requirement (0.9%) and consequently contained 18.75% CP.
Valine met near SID requirement of 0.77% (vs. 0.79%) (NRC, 2012). All other EAA SID
concentrations were in excess relative to NRC (2012).

A second diet balanced to reach a near ideal AA (NIAA) profile was formulated. In the
present study, the term “near ideal AA profile” was chosen in lieu of the conventional “ideal AA
profile” because the “ideal AA profile” is conceptual rather than biologically factual. The rationale
is further based on the notions that an “ideal AA profile” 1) cannot be limited to the relative
contribution of only two AA pools (i.e., milk and maintenance), 2) needs accurate characterization
of the maintenance AA pool for the lactating sow, and 3) should include AA for which dietary
essentiality is known for lactating sow (i.e., arginine and histidine). The NIAA diet was designed
by reducing soybean meal relative to corn to meet the minimum SID Leu requirement, which
corresponded to a CP concentration of 13.75%. Then, supplemental crystalline source of L-
histidine (His), L-isoleucine (Ile), L-lysine, DL-methionine (Met), L-phenylalanine (Phe), L-
threonine (Thr), L-tryptophan (Trp) and L-valine (Val) and were added to meet the minimum SID
requirement for those AA in the NIAA diet. Crystalline DL-methionine was added to meet the
requirement of Met + cysteine (Cys). This diet is referred to as the optimal diet (OPT) throughout
the remainder of the manuscript.

A third diet was formulated to be the same as OPT with added crystalline L-leucine to
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equate the SID Leu concentration of CON and referred to as optimal + Leu diet (OPTLEU). Sugar
food product (International Ingredient Corporation, St. Louis, MO) was included in all 3 diets at
5% to increase diet palatability. Titanium dioxide was included at 0.1% as an indigestible marker

in all diets.

Energy Balance Procedure and Milk Sampling
Energy balance was performed during early lactation (between day 4 and 8) and peak
lactation (between day 14 and 18) on a total of 33 sows. Urinary catheter insertion, urine collection

and sow milk sampling were carried out according to Chapter 2 (Zhang et al., 2019).

Energy, Nutrient and Titanium Analysis

Feed, fecal and urinary samples were analyzed for gross energy (GE) by bomb calorimetry
according to the manufacturer's instructions (Parr Instrument Inc., Moline, IL). Dry matter, N and
titanium in feed and fecal samples were analyzed according to Zhang et al. (2019). Dietary AA
analysis [AOAC Official Method 982.30 E (a,b,c), 45.3.05, 2006] was performed by the
Agricultural Experiment Station Chemical Laboratories (University of Missouri-Columbia,
Columbia, MO) as outlined in Zhang et al (2019).

Whole milk samples were analyzed for fat, true protein, lactose, and milk urea N (MUN)
with infrared spectroscopy by the Michigan Dairy Herd Improvement Association (NorthStar

Cooperative®, Lansing, MI) (Zhang et al., 2019).

Calculations
Calculation of body protein (BP; Eq. 3, 4, and 5) and lipid (BL; Eq. 2, 4, and 5) composition
were predicted by empty body weight (EBW; Eq. 1) and backfat (NRC, 2012) using the following

equations:
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EBW (kg) = 0.96 x maternal BW (kg) 1)
Maternal BL (kg) = —26.4 (kg) + 0.221 x maternal EBW (kg) + 1.331 (=% ) x

P2 backfat (mm) (2)
Maternal BP (kg) = 2.28 (kg) + 0.178 x maternal EBW (kg) — 0.333 (%) x

P2 backfat (mm) 3)
Maternal BL or BP change (kg) = d 21 of maternal BL or BP (kg) —

d 1 of maternal BL or BP (kg) (4)

Maternal BP or BL (kg)
EBW (kg)

Maternal BP or BL Composition (%) = x 100% (5)

Calculation of total (Eq. 6) and maternal (Eq. 7) energy retention were performed as

follows:

kca

: kcal . 1 kcal
Total energy retention (%) = energy intake (T) — fecal energy output (%) —

. kcal . kcal
urinary energy output (%) — energy for mamtenance(%) (6)

kcal kcal kcal
d

Maternal energy retention( 1 ) = energy intake ( " ) — fecal energy output( ) -

: kcal . kcal . kcal
urinary energy output (%) — energy for maintenance (%) — milk energy output (%) (7)

Metabolizable energy (ME) value of diets for maintenance (kcal/kg feed; Eq. 8) and ME
requirement per day (kcal/day; Eq. 9) was calculated based on metabolic body weight (BW®7°) as

follows:

kcal ) Daily ME for mainteance(%)

kg feed - (8)

ME for maintenance ( g
Daily intake (?)
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Daily ME for maintenance(%) =100 x BW%7> )

The net energy (NE) value of diets for lactation was calculated as follows (Eq. 10):

kcal
kg feed

kcal
kg feed

Dietary NE for lactation ( ) = NE in milk ( ) — NE mobilized ( keal ) (10)

kg feed

where,

Daily energy output in milk (%)

NE in milk (kcal/kg feed) =

(11)

Daily intake (%)

kcal)

Daily energy mobilized (T

NE mobilized (kcal/kg feed) = (12)

Daily intake (%)

Apparent energy efficiency for milk was calculated as follows (Eq. 13):

Milk energy output (@)

Apparent energy efficiency(%) = d_— X 100% (13)

Energy intake or absorbed (T)

Apparent energy efficiency does not account for the milk energy originating from
mobilized body pool and energy lost in urine. To determine true energy efficiency for milk (Eq.
14), energy mobilized from the body was removed from the daily energy in milk (Eq. 15), and
energy for maintenance was removed from ME intake (Eq. 16) as follows:

kcal

Daily dietary energy in milk (——
k(c;} ) x 100% (14)

Daily dietary ME for milk (T)

True energy efficiency(%) =

Where,
Daily dietary energy in milk (%) = Daily energy in milk (%) -

daily milk energy mobilized from body (%) (15)

kcal

Daily dietary ME for milk (%) = Daily ME intake (%) — daily ME for maintenance (T)
(16)

Energy in milk was calculated by summing energy in milk protein (5.7 kcal/g), fat (9.5
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kcal/g) and lactose (3.95 kcal/g), respectively (Weast et al., 1984). Energy mobilized from the
maternal body was calculated based on change in body protein (ABP) and change in body lipid
(ABL) multiplied by 5.6 kcal/g protein and 9.4 kcal/g fat (Ewan, 2001; Eq. 17), respectively, with

an efficiency of body energy mobilization to milk of 0.87 (NRC 2012), as follows:

Mobilized energy (—) = —(ABP x 5.7 @ + ABL x 9.4 @) x 0.87 17)

A value of 0 was used for mobilized energy when sow body protein and fat depositions
were null or positive.

The ME for maintenance was calculated based on NRC (2012) as follows (Eq. 18):

kcal
MEmaintenance (—3-) = 100 X BW®7% (18)

The NE for maintenance was assumed to be equal to ME for maintenance (Figure 3.1; Eq. 19)

kcal kcal
NEnaintenance (%) = MEnaintenance (%) = 100 x BW%7> (19)

The corrected dietary NE (NEc) was calculated as follows (Pedersen et al., 2019; Eq. 20):

NEmaintenance(l;a )+dally milk energy( ) daily mobilized energy (c_al)

NE, (kcal/kg feed ) = Qy”(20)

Daily feed intake (E)

Heat production associated with lactation was calculated as follows (Eq. 21):

kcal

. kcal _ Daily heat productionjactation (—5— d )
Heat Production;aceation (d-BW°-75) Sow metabolic body weight (BW?.75) (1)
Where,
. . kcal kcal
Daily Heat Production),ctation (T) Daily dietary ME for milk ( ) —
. . . . kcal
Daily dietary energy in milk (T) (22)
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Statistical Analysis

Statistical analyses were conducted using the mixed model procedure of SAS (SAS Inst.
Inc., Cary, NC) according to the following model:

Response = diet + parity + period + block + Sowietxbiock+ diet x parity + diet x period +
diet x block + e

The response of sow depended on the fixed effects of diet (CON, OPT, and OPTLEU),
parity (early [P 2-3] and late [P 4-6]), and lactation period (early [d 4-8] vs. peak [d 14-18]). The
random effects included block, and sow nested within diet and block. The interactive effects of
diet x parity, diet x period, and diet x block were also included. When appropriate, a reduced
model was used. Specifically, parity and parity % treatment effects were not significant and
therefore were not included in the reduced model for analyses of body tissue mobilization, energy
balance, energy partitioning, estimated water output, energy efficiency and estimated total heat
production. Pairwise comparisons were performed between diets (OPT vs. CON, OPTLEU vs.
CON, and OPTLEU vs. OPT) for different periods of lactation (early, peak, and 21-d overall
lactation) and between early and peak lactation for each diet using the slice option in SAS and
Tukey adjustment. Simple t-test was conducted to compare the analyzed and calculated NE values.

Effects were declared significant at P < 0.05, and tendencies were declared at 0.05 <P <0.10.

RESULTS

Experimental Diets
Diet composition and nutrient concentrations are presented in Table 2.1 and EAA

concentrations are presented in Table 2.2, as described in Chapter 2 (Zhang et al., 2019).
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Body Protein and Lipid Mobilization
The BP and BL mobilization over 21-day of lactation for all sows are presented in Table
3.1. Sow BW change, BP and BL mobilization did not differ between treatments. Body weight

loss and BL mobilization differed from 0 (P < 0.05) in sows fed OPT.

Energy Balance

Energy balance results are presented in Table 3.2. In early lactation, urinary and milk
energy concentration and output, and total and maternal energy retention did not differ across diets.
In peak lactation, urinary energy concentration did not differ across diets. Sows fed OPT had lower
urinary energy output (P < 0.05) than CON, while sows fed OPTLEU did not differ from either
CON or OPT. Sows fed OPT had higher milk energy concentration (P < 0.05) and milk energy
output (P < 0.05) than CON. Sows fed OPTLEU tended to (P = 0.07) have less milk energy output
than OPT, and did not differ from CON in either milk energy concentration or output. Total energy
retention did not differ across diets. Maternal energy retention was lower (P < 0.05) in sows fed
low protein diets (OPT and OPTLEU) than those fed CON, and did not differ between OPTLEU

and OPT.

Apparent Efficiency of Nitrogen and Energy

Apparent efficiency of N and energy utilization results are presented in Table 3.3. In early
lactation, milk N output relative to ME or NE intake, and apparent energy efficiency for milk did
not differ across diets. In peak lactation, milk N output relative to NE intake did not differ across
diets. Milk N output relative to ME intake in OPT tended to be higher (P = 0.088) than CON, and
those in OPTLEU did not differ from either CON or OPT. Sows fed OPT had higher (P < 0.05)
apparent energy efficiency for milk compared to CON, and sows fed OPTLEU did not differ from

either CON or OPT.
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Dietary Energy Partitioning

Dietary energy partitioning is presented in Tables 3.4 and 3.5. In both early and peak
lactation (Table 3.4), digestible energy (DE) value of low protein diets was lower (P < 0.01,;
OPTLEU) or tended to be lower (P = 0.06; OPT) than that of CON. The DE value of OPTLEU
did not differ from OPT. The ME and NEiactation Values of all diets did not differ. The analyzed
NE actation Value was lower (P < 0.05) than the calculated NE value across all diets.

The energy values of NE, ME, DE expressed relative to ME, DE and GE, respectively, are
presented in Table 3.6. In early lactation, the ME/DE, NEjactation/ME, and NEmi/ME did not differ
across diets. In peak lactation, the ME/DE tended to be higher (P = 0.063) in OPT than CON. The
ME/DE in OPTLEU did not differ from either CON or OPT. Compared to CON, the NEmix/ME
and NEjactation /ME was higher (P < 0.01) or tended to be higher (P = 0.092), respectively, in OPT.
The NEmik/ME and NEactatio/ ME in OPTLEU did not differ from either CON or OPT. In both
early and peak lactation, the DE/GE did not differ between CON and OPT, and was lower (P <
0.01) in sows fed OPTLEU than those fed CON or OPT. The NEjactation/ME did not differ across

diets.

Energy Efficiency and Estimated Heat Production Associated with Lactation

True energy efficiency and estimated heat production associated with lactation are
presented in Table 3.6. In early lactation, heat production did not differ across diets. In peak
lactation, compared to CON, heat production was lower (P < 0.05) or tended to be lower (P =
0.082) in sows fed OPT and OPTLEU, respectively, and did not differ between OPT and OPTLEU.
In both early and peak lactation, true milk energy efficiency did not differ across diets. Over 21-

day lactation period, true milk energy efficiency and heat production did not differ across diets.
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DISCUSSION

In Chapter 2, reducing dietary protein to meet the minimum SID Leu requirement increased
utilization efficiency of N, arginine (Arg), His, lle, Leu, Phe + tyrosine (Tyr) and Trp for milk
yield while maintaining overall lactation performance. Supplementing Leu to the reduced CP diet
did not impact the efficiency of EAA utilization but appeared to repartition nutrients away from
the mammary gland. The current work aimed at determining dietary energetic efficiency,
partitioning, and heat production associated with lactation in sows fed a reduced protein diet with
a NIAA profile (OPT) and OPT diet with supplemental Leu (OPTLEU).

The loss of BW in sows fed OPT was mainly associated with BL rather than BP loss.
Mobilization of BL, which is energy dense compared to protein (Ewan, 2001), is more efficient
than mobilization of BP to satisfy the energy need for milk production. As reported in Chapter 2,
milk fat content of sows fed OPT was greater, further supporting that the increased BW loss was
associated mainly with BL for these sows. Sows generally lose more BL than BP throughout
lactation (Strathe et al., 2017). Pedersen et al. (2019) reported the loss of BW in lactating sows fed
diets containing CP from 14.6% to 18.6% was due to BL mobilization. On the other hand, Huber
et al. (2015) reported that sows fed a similar low CP diet as this study lost BW over a 21-day
lactation period, and indicated based on loin eye area measurements that the BW loss resulted from
greater body protein as opposed to BL mobilization. The greater BP loss in that study may have
been associated with feeding diets marginally deficient in Lys (Huber et al., 2015). In contrast, in
Chapter 2, sows fed CON and OPTLEU lost a minimal amount of BW and were in a positive
maternal N balance. This observation suggested that Leu to Lys of 1.63 may impact partitioning
of DE by directing energy away from mammary gland and towards the maternal pool.

In this chapter, mobilization of BP and BL were quantified with BP values in the range
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reported by Pedersen et al. (2019) (i.e., 28 to 64 g/d vs. 20 to 40 g/day) for sows fed CP diets
ranging from 14.6% to 18.6%, but those for BL were noticeably lower (i.e., 106 to 377 g/d vs. 800
to 820 g/day). Itis unclear whether estimation of BL and BP mobilization by Pedersen et al. (2019)
was associated with water or not. In this current study, BL and BP were quantified with or without
water (Table 3.1). The other possible reason may be ascribed to a different prediction approach.
Herein, BP and BL were predicted based on sow BW and P2 backfat thickness equations outlined
in NRC (2012), while Pedersen et al. (2019) included D20 space in addition to sow BW and P2
backfat thickness (Rozeboom et al., 1994). Earlier on, Pedersen et al. (2016) estimated BL and BP
relative to BW. Their values were 15.7 and 26.8% for BP and BL, respectively, on day 3 of
lactation, and 16.7 and 20.9% for BP and BL, respectively, on day 28 of lactation. In this study,
on day 1 of lactation, BP and BL were 15.7 and 19.6%, respectively, for CON, and 15.5 and 20.6%,
respectively, for OPT. On day 21 of lactation, BP and BL were 15.9 and 18.9%, respectively, for
CON, and 15.9 and 18.6%, respectively, for OPT. Again, the predictions of BP % are fairly close
between this study and those of Pedersen et al. (2016), but those of BL% are lower. It is possible
that the approach of NRC (2012) may vyield lower BL prediction than that of Rozeboom et al.
(1994). Litter gain (22.4% and 23.4% greater) and therefore lactation energy demand was
considerably greater in both studies by Pedersen et al. (2016 and 2019), compared to that of the
current study. With the advancement of lactation, BL decreased by 5.9% (Pedersen et al., 2016)
from day 3 to 28, and in this study, BL% decreased by 0.7 and 2% in CON and OPT, respectively,
from day 1 to 21.

Feeding the OPT diet improved apparent energy utilization efficiency as well as milk N
output efficiency relative to ME intake in peak lactation. Total energy retained was similar across

diets, but sows fed OPT retained less maternal energy, suggesting that OPT diet resulted in more
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energy partitioning for milk production. Huber et al (2015) indicated that reduced protein diets
favored partitioning of AA towards milk protein yield rather than maternal protein pool. This
observation may be in part related to a reduced dietary Leu intake, because Leu stimulates maternal
body protein gain (Norton et al., 2012; Wilkinson et al., 2013). The decreased milk energy output
in OPTLEU compared to OPT during peak lactation combined with no differences in total energy
retention across dietary treatments implies that additional Leu above requirement may reduce
dietary energy partitioning towards milk. This observation is in line with N balance data presented
in Chapter 2 (Zhang et al., 2019), where sows fed CON and OPTLEU did not lose as much BW
as OPT and were in a positive maternal N balance.

The higher NE:ME and ME:DE in peak lactation for OPT fed sows aligns with their
improved apparent energy efficiency in peak lactation compared to CON. In addition, the lack of
difference in DE:GE in peak lactation indicates that the improvement in apparent energy efficiency
in peak lactation likely occurred during the post-absorptive stage. By definition, urinary energy
loss and heat increment represent the difference between “DE to ME” and “ME to NE” (Ewan,
2001), suggesting that the improved apparent energetic efficiency in OPT in peak lactation was
due to less urinary energy and metabolic heat loss (Le Bellego et al., 2001; Pedersen et al., 2019).
In fact, urinary energy loss and estimated heat production associated with lactation in the current
study was lower in OPT than CON during the peak lactation period. Other studies on growing-
finishing pigs (Le Bellego et al., 2001; Otto et al., 2003) and lactating sows (Huber et al., 2015;
Zhang et al., 2019) showed that urinary N loss decreased by reducing dietary protein. Considering
the major contributor of urinary energy is urinary N, primarily from urea (NRC, 2012), less urinary
N loss also implies less urinary energy loss. Previous research in growing pigs also showed a 6.7%

or 23.9 kcal-d™*-BW% decrease in heat production associated with feeding lower dietary CP (Le
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Bellego et al., 2001). During the entire lactation period, the estimated heat associated with
lactation was 69.1, 36.8, and 32.0 kcal-d:-BW" for CON, OPT and OPTLEU, respectively,
corresponding to a 46.7% or 32.3 kcal-d"**BW-"° reduction in heat between CON and OPT. Note
that the total heat production (maintenance + lactation (Figure 3.2) added up to be 169.7, 140.3
and 130.5 kcal-d'*BW" for CON, OPT and OPTLEU, respectively. Those values fall within
range of a previously reported value of 159.9 kcal-d"2*BW-"°> measured by indirect calorimetry
and respiratory quotient (RQ)-method to separate heat between sow and litter (Jakobsen et al.,
2005). Recently, Pedersen et al. (2019) estimated heat production (maintenance + lactation) based
on milk energy output and a constant lactation efficiency of 0.78 and reported values varying
between 180.9 and 191.9 kcal-d:BW™ 7, In this study, the energy efficiency for lactation
improved by decreasing dietary CP and with advancement of lactation. Pedersen et al. (2019) did
not observe a clear trend of heat reduction as dietary CP content decreased, although the diets were
all relatively high in CP (i.e., 14.6% to 18.6%). The results herein (Figure 3.2) also point to less
lactation heat as percentage of total heat in OPT (26%) and OPTLEU (25%) compared to CON
(41%). These values and those of Pedersen et al. (2019) are estimates and therefore further testing
of the impact of dietary CP concentrations in lactating sows on heat production using indirect
calorimetry is needed.

Sow milk energy is partially derived from the diet and partially from the maternal body
pool. Dietary energy contribution to milk increased from 77% to 87% only in OPT diet as lactation
progressed, indicating that the reduced dietary protein with NIAA profile may improve dietary
energy partitioning towards milk with advancement of lactation. It is acknowledged that body
mobilization was estimated over a 21-day lactation period, and it was assumed that mobilization

rate (g/d) remained constant throughout lactation. Theil (2015) and Strathe et al. (2017) indicated
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that lactating sows mobilized greater amounts of body nutrients in early lactation compared to
peak lactation. Similarly, in the present study, sows fed OPT had a negative maternal energy

retention (—232 kcal/d for OPT and —-437 kcal/d for OPTLEU) in early lactation only.

The true efficiency value for sows fed CON for a 21-day lactation period was 70.5%, which
is fairly close to the estimated NRC (2012) value of 72% for sows fed conventional diets meeting
the minimum SID Lys requirement. The true efficiency values of 82 and 83% for sows fed OPT
and OPTLEU, respectively, did not differ statistically from CON value of 70.5%, presumably due
to the variability associated with body weight loss. Nonetheless, future implementation of those
values may impact prediction of energy requirement since the energy prediction model of NRC
(2012) uses a value of 72%. Therefore additional work is needed with a higher number of animals
to verify these values, and determine whether NIAA diet increases true energy efficiency. The
efficiency value reported by Pedersen et al. (2019) is also higher than NRC (2012), with 78%. The
decrease in true energy efficiency as lactation progressed for CON (79.9 to 65.2%) and OPTLEU
(94 to 79.5%) albeit a tendency, suggests some potential negative effect of Leu on dietary energy
partitioning towards milk, whereby Leu directs dietary energy away from the mammary gland and
towards the maternal body. A true efficiency value of 94% for sows fed OPTLEU in early lactation
is somewhat high and puzzling. Nonetheless, the true efficiency values reported herein for sows
fed CON and OPT are within range of other reported values (NRC, 2012; Pedersen et al., 2019).

Despite that all three experimental diets were formulated iso-calorically based on the NE
system (2,580 kcal/kg), the measured NE. (maintenance + lactation) was higher than the calculated
values (2,580 kcal/kg). The present study corrected the NE by excluding the milk energy mobilized
from maternal body (Figure 3.1), since NE is the reflection of dietary energy only (NRC, 2012).

Pedersen et al. (2019) estimated NE: (maintenance + lactation), but the difference between
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calculated NE and measured NE. was not statistically compared. A variation of NE. between diets
with graded levels of CP was observed and peaked at CP of 15.6% (Pedersen et al., 2019).
Similarly, the measured NE. in the current study was higher in OPT (13.8% CP) than CON (18.7%
CP) during peak lactation. Note that the measured NE only for lactation (NEjactation) in the present
study were consistently lower than the calculated values (2,580 kcal/kg) across all diets. Also,
NEiactation iNncreased as lactation progressed only in the OPT diet, as reported by Pedersen et al.
(2019) for NE.. Such observation raises question regarding the adequacy of the book value of NE
for lactating sows which were derived from growing-finishing pigs (NRC, 2012). In fact, sows
utilize dietary energy more efficiently for lactation than growing pigs for retention (Pedersen et al.,
2019). Whether the calculated NE (NRC, 2012) corresponded to the sum of maintenance and
lactation or lactation alone is unclear and either of them differ from the calculated values. Current
results also suggest that NE values for lactating sows are dynamic and dependent on diet (e.g.
dietary CP level and AA balance) and stage of lactation of the sow, warranting the need for

additional research on the NE system for lactation.

CONCLUSION

Feeding a NIAA diet improved the apparent dietary energy utilization due to less urinary
energy and metabolic heat loss, a response that was associated with the peak stage of lactation.
The estimated value for heat reduction was 36.8 kcal-d*BW=7° in sows fed a NIAA diet during
peak lactation. Feeding a NIAA diet also triggered dietary energy deposition into milk at the
expense of maternal mobilization. Leucine supplementation above requirement may reduce dietary
energy utilization for lactation by directing dietary energy away from mammary gland and towards
maternal pool, partially explaining the effectiveness of NIAA diet over non-reduced CP diets.

The estimated heat production values in this study need to be validated with indirect
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calorimetry, in addition to the response of feeding a NIAA under heat stress environment. The
following chapter will specifically address heat production in lactating sows fed CON and OPT

diets and exposed to TN and HS environments.
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Table 3.1. Sow and litter growth performance of sows fed Control (CON; 18.74 %), Optimal (OPT; 13.78%) or Optimal + Leucine
(OPTLEU; 14.25%) diets over a 21-d lactation period*

Diet P-Value
Item SEM? OPT vs OPT LEU OPTLEU
CON OPT OPTLEU CON vs. CON vs. OPT

Number of sows 18 19 17

Body protein day 1, kg 38.7 38.5 39.0 1.5 0.997 0.962 0.937
Body protein day 21, kg 38.7 38.3 39.4 1.4 0.952 0.876 0.719
Protein mobilization?, g/day 55 -12.8 21.8 21.0 0.803 0.847 0.497
Protein tissue mobilization*, g/day 27.5 -64.0 109.0 105.0 0.803 0.847 0.497
Bodly lipid day 1, kg 48.1 51.2 51.6 2.0 0.548 0.477 0.985
Body lipid day 21, kg 46.2 44.8 49.4 2.0 0.856 0.465 0.246
Lipid mobilization®, g/day -885  -314.1" -113.9 74.6 0.143 0.968 0.207
Lipid tissue mobilization*, g/day -106.2  -376.9" -136.7 89.5 0.143 0.968 0.207
Sow BW day 1, kg 246 249 252 7 0.921 0.787 0.953
Sow BW day 21, kg 244 241 251 7 0.931 0.724 0.518
Calculated BW change®, kg -1.6 -9.3 -0.6

Actual BW change, kg -1.6 -8.3" -0.6 3.0 0.282 0.969 0.216

!Data are least squares means.

2Maximum value of the standard error of the means.

3Protein and lipid mobilization represent body protein and lipid loss without associated water, and the values were predicted based on
sow body weight (BW) and backfat loss (NRC, 2012).

*Protein and lipid tissue mobilization represent body protein and lipid loss including the associated water as follows: 1 g of protein is
associated with 4 g of water in 5 g of tissue and 1 g of fat is associated with 0.2 g of water in 1.2 g of tissue (Ewan, 2001).
®Calculated BW change (g) = (protein tissue mobilization + lipid tissue mobilization) x lactation length (21 day).

“BW change (P = 0.02) and lipid (tissue) mobilization (P < 0.01) differed from 0.
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Table 3.2. Energy balance of sows fed Control (CON; 18.74 %), Optimal (OPT; 13.78%) or Optimal + Leucine (OPTLEU; 14.25%)
diets between d 4 and 8 of lactation (early lactation) and between d 14 and 18 of lactation (peak lactation)®
Diet P-Value

Item SEM? OPTvs OPTLEU OPTLEU
CON OPT  OPTLEU CON  vs.CON  vs. OPT

Early lactation (day 4-8)

Number of sows 12 11 11
Input
Feed intake, kg/day 4.9 4.9 4.6 0.2 0.981 0.415 0.530
Energy intake, kcal/day 20,240 19,900 19,080 840 0.937 0.475 0.690
Energy absorbed, kcal/day 17,810 17,300 16,210 800 0.869 0.268 0.536
Output, kg/day
Feces (Dry matter basis) 0.52 0.54 0.59 0.06 0.980 0.716 0.827
Urine (as-is) 10.68 4.66 5.49 1.68 0.041 0.087 0.930
Milk (as-is) 8.82 8.86 9.51 0.85 0.999 0.762 0.789
Energy concentration, kcal/kg
Feces (Dry matter basis) 4,639 4,828 4,804 31 <0.001 <0.001 0.756
Urine (as-is) 53 62 62 12 0.766 0.791 0.999
Milk (as-is) 1,128 1,219 1,135 50 0.170 0.989 0.232
Energy output, kcal/day
Feces 2,409 2,600 2,818 246 0.847 0.477 0.808
Urine 402 263 294 67 0.311 0.481 0.948
Milk 9,883 10,846 10,693 887 0.718 0.791 0.992
Energy for maintenance, kcal/day® 6,200 6,396 6,219 141 0.442 0.992 0.502
Total energy retention, kcal/day* 11,214 10,674 9,649 853 0.926 0.113 0.222
Maternal energy retention, kcal/day® 1,396 -232 -437 939 0.434 0.352 0.987
Peak lactation (day 14-18)
Number of sows 11 11 11
Input
Feed intake, kg/day 6.8 6.7 6.3 0.2 0.975 0.169 0.242
Energy intake, kcal/day 27,913" 27,474" 26,205" 837 0.898 0.216 0.418
Energy absorbed, kcal/day 24,579 23,953" 22,247" 798 0.811 0.073 0.230
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Table 3.2. (cont’d)
Output, kg/day

Feces (Dry matter basis) 0.72" 0.74" 0.81" 0.06  0.969 0.463 0.605

Urine (as-is) 12.04" 5.64 6.14 1.68  0.029 0.047 0.974

Milk (as-is) 11.68" 13.93" 12.13" 0.85  0.077 0.893 0.178
Energy concentration, kcal/kg

Feces (Dry matter basis) 4,639 4,828 4,804 31 <0.001 <0.001 0.756

Urine (as-is) 62 60 74 12 0.973 0.750 0.613

Milk (as-is) 1,064 1,202 1,150 50 0.027 0.213 0.562
Energy output, kcal/day

Feces 3,310" 3,554" 3,903" 246 0.766 0.223 0.581

Urine 598" 308 423t 67 0.012 0.163 0.446

Milk 12,371" 16,781" 13,884" 891 0.005 0.461 0.072
Energy for maintenance, kcal/day® 6,276 6,276 6,288 141 0.999 0.997 0.996
Total energy retention, kcal/day* 17,722" 17,330" 15,550" 846 0.926 0.113 0.222
Maternal energy retention, kcal/day® 5,380 540 1,685T 937 0.003 0.026 0.668

!Data are least squares means.

2Maximum value of the standard error of the means.

3Energy required for maintenance (kcal/day) was calculated as 100 kcal/kg®"® (NRC, 2012).

“Total energy retention= energy intake-fecal energy—urinary energy—maintenance energy.

*Maternal energy retention= energy intake—fecal energy—urinary energy—maintenance energy—milk energy.

“Main effect of period (early and late) was significant (P < 0.05).

TMain effect of period (early and late) tended to be significant: urinary energy output (OPTLEU P = 0.054); maternal energy retention
(OPTLEU P =0.088).
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Table 3.3. Apparent utilization efficiency of nitrogen and energy of sows fed Control (CON; 18.74 %), Optimal (OPT; 13.78%) or
Optimal + Leucine (OPTLEU; 14.25%) diets between d 4 and 8 of lactation (early lactation) and between d 14 and 18 of lactation (peak
lactation)*

Diet P-Value
» OPTvs OPT OPTLE
Item CON  OPT OPTLEU ™ CON  LEUws. Uws
CON OPT
Early lactation (day 4-8)
Number of sows 12 11 11
Nitrogen (N) utilization efficiency?
Milk N output/ME intake, mg/kcal* 3.68 3.78 3.93 0.26 0.960 0.759 0.907
Milk N output/NE intake, mg/kcal* 491 4.95 5.19 0.34 0.997 0.824 0.869
Energy utilization efficiency
Total energy retention, % of energy intake 55.1 53.3 50.8 1.6 0.703 0.163 0.537
Total energy retention, % of energy absorbed 62.6 61.5 59.6 1.6 0.847 0.298 0.606
Milk energy output, % of energy intake 49.5 55.2 54.6 3.7 0.529 0.599 0.993
Milk energy output, % of energy absorbed 56.2 63.4 63.6 4.4 0.461 0.442 0.999
Peak lactation (day 14-18)
Number of sows 11 11 11
Nitrogen (N) utilization efficiency®
Milk N output/ME intake, mg/kcal* 3.58 4.40" 391 0.27 0.088 0.660 0.384
Milk N output/NE intake, mg/kcal* 4.78 5.79 5.16 0.36 0.115 0.730 0.394
Energy utilization efficiency
Total energy retention, % of intake 63.2" 62.8" 58.6" 1.6 0.986 0.140 0.187
Total energy retention, % of absorbed 718" 722" 69.1" 1.6 0.973 0.369 0.265
Milk energy output, % of energy intake 44.5 62.3 53.0 3.7 0.007 0.268 0.199
Milk energy output, % of energy absorbed 50.7 71.5 62.2 4.4 0.006 0.167 0.304

1Data are least squares means.

2Maximum value of the standard error of the means.

3Milk N = Milk true protein x 6.25 + milk urea N.

“The ME and NE intake were based on calculated values of ME and NE.
“Main effect of period (early and late) was significant (P < 0.05).
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Table 3.4. Dietary energy partitioning of sows fed Control (CON; 18.74 %), Optimal (OPT; 13.78%) or Optimal + Leucine (OPTLEU,;
14.25%) diets between d 4 and 8 of lactation (early lactation) and between d 14 and 18 of lactation (peak lactation)!

Diet P-value
Item SEM? OPT vs OPTLEU  OPTLEU vs.
CON OPT OPTLEU CON vs. CON OPT
Early lactation (day 4-8)
Number of sows 12 11 11
Feed intake (kg/day) 4.9 4.9 4.6 0.10 0.899 0.102 0.135
Gross energy (GE), kcal/kg
Analyzed 4,118 4,084 4,139 — — — —
Calculated 4,114 4,199 4,197
Digestible energy (DE), kcal/kg
Analyzed 3,636 3,560 3,528 23 0.062 0.006 0.571
Calculated 3,591 3,511 3,513
Metabolizable energy (ME), kcal/kg
Analyzed 3,544 3,497 3,468 48 0.766 0.507 0.904
Calculated 3,449 3,405 3,407
Corrected net energy (NEc), kcal/kg® 3,093 3,059 3,360 163 0.989 0.474 0.405
NEactation” 1,827 1,740 2,047 169 0.928 0.625 0.417
NEmaintenance5 1,262 1,315 1,343 50 0536 0233 0822
Calculated 2,580 2,580 2,580
Peak lactation (day 14-18)
No. of sows 11 11 11
Feed intake (kg/day) 6.8 6.7 6.3 0.1 0.865 0.034 0.049
Gross energy (GE), kcal/kg
Analyzed 4,118 4,084 4,139 — — — —
Calculated 4,114 4,199 4,197
Digestible energy (DE), kcal/kg
Analyzed 3,636 3,560 3,528 22.7 0.062 0.006 0.571
Calculated 3,591 3,511 3,513

Metabolizable energy (ME), kcal/kg
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Table 3.4. (cont’d)

Analyzed 3,637 3,505 3,452 47.7 0.887 0.427 0.709
Calculated 3,449 3,405 3,407

Corrected net energy (NEc), kcal/kg® 2,636° 3,155 2,954" 163 0.084 0.368 0.670
NEjactation” 1,702 2,211" 1,941 170 0.105 0.584 0.506
NEmaintenance” 932" 946" 1,016" 50 0.952 0.221 0.349
Calculated 2,580 2,580 2,580

!Data are least squares means; energy is presented as kcal/kg feed.
2Maximum value of the standard error of the means.
3NE.(kcal/kg feed ) = NE;x(kcal/kg feed) + NE.intenance (Kcal/kg feed). NE was higher (P < 0.05) than calculated NE in each
experimental diet during early lactation, and was higher in OPT and OPTLEU during peak lactation.
Milk tput(kcal/day)—Milk from body (kcal/day)

*NEjactation (kcal/kg feed ) = ————8/22P2 Dz?ly — int;keigiz y;om ocy T8 /8Y)  NEjactation Was lower than (P < 0.01) calculated
NE in each experimental diet during both early and peak lactation.
5 _ 100xBW%75(kcal/day)

NEmaintenane (kcal/kg feed ) - Daily feed intake(kg/day)
“Main effect of period (early and late) was significant (P < 0.05).
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Table 3.5. The relative values between dietary gross energy (GE), digestible energy (DE), metabolizable energy (ME), and net energy
(NE) of sows fed Control (CON; 18.74 %), Optimal (OPT; 13.78%) or Optimal + Leucine (OPTLEU; 14.25%) diets between d 4 and 8
of lactation (early lactation) and between d 14 and 18 of lactation (peak lactation)®

Diet P-value
Item SEM? OPT vs OPTLEU OPTLEU vs.
CON OPT OPTLEU CON vs. CON OPT
Early lactation (day 4-8)
Number of sows 12 11 11
DE/GE, %
Analyzed 88.3 87.2 85.2 0.4 0.162 <0.01 0.007
Calculated 87.3 83.6 83.7
ME/DE, %
Analyzed 97.7 98.5 98.2 0.4 0.324 0.656 0.836
Calculated 96.0 97.0 97.0
NEIactation/M E, %3
Analyzed 51.4 49.7 58.9 4.8 0.967 0.507 0.380
Calculated 74.8 75.8 75.7
NEmi/ME, %* 57.5 64.4 65.0 4.3 0.500 0.448 0.996
Peak lactation (day 14-18)
Number of sows 11 11 11
DE/GE, %
Analyzed 88.3 87.2 85.2 0.4 0.162 <0.01 0.007
Calculated 87.3 83.6 83.7
ME/DE, %
Analyzed 97.5 98.7 98.0 0.4 0.063 0.635 0.327
Calculated 96.0 97.0 97.0
NEIactation/M E, %3
Analyzed 48.0 63.07 56.2 4.8 0.092 0.468 0.584
Calculated 74.8 75.8 75.7
NEmi/ME, %* 51.9 72.4 63.5 4.4 0.008 0.167 0.339

!Data are least squares means.

2Maximum value of the standard error of the means.

86



3 __ Milk energy output(kcal/day)—Milk energy frombody (kcal/day)
NEjactation (keal/kg feed ) = Daily feed intake(kg/day)

4 _ __ Milk energy output(kcal/day)
NEmii (keal/kg feed ) = Daily feed intake(kg/day)

“Main effect of period (early and late) was significant (P < 0.05).
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Table 3.6. True energy efficiency and heat production associated with milk production of sows fed Control (CON; 18.74 %), Optimal
(OPT; 13.78%) or Optimal + Leucine (OPTLEU; 14.25%) diets between d 4 and 8 of lactation (early lactation) and between d 14 and
18 of lactation (peak lactation)?

Diet P-value

Item SEM?
CON OPT OPTLEU

OPTvs OPTLEU OPTLEU
CON vs. CON vs. OPT

Early lactation (day 4-8)

Number of sows? 12 11 11

MEmii, kcal/day* 11,200 10,665 9,637 851 0.864 0.306 0.595
MEintake 17,380 17,027 15,888 824 0.944 0.375 0.564
MEmaintenance 6,196 6,391 6,214 138 0.442 0.992 0.502

Milk energy output from diet, kcal/day® 8,934 8,577 9,808 1084 0.970 0.835 0.705
Milk energy output 9,876 10,840 10,686 887 0.718 0.791 0.992
Milk energy output from body 110 1,983 481 726 0.992 1.000 0.995

True energy efficiency, %° 79.9 78.8 94.0 7.0 0.993 0.333 0.293
Milk energy from diet’ 89.8 77.2 90.6 4.7 0.167 0.992 0.132
Milk energy from body 10.2 22.8 94 4.7 0.167 0.992 0.132

. ) : 4

E'Ce;}t,(‘f_[‘?gg;ﬂ,?? associated with lactation”, 2937 3748 743 1522 0944 0319 0.504

Peak lactation (day 14-18)

Number of sows? 11 11 11

MEmii, kcal/day* 17,706~ 17,320° 15539" 851 0.928 0.114 0.222
MEintake 23,956" 23,637° 21,810" 824 0.955 0.144 0.238
MEmaintenance 6,273 6,271 6,284 138 0.999 0.997 0.996

Milk energy output from diet, kcal/day® 11,461 14,675  12,502° 1084 0.112 0.780 0.347
Milk energy output 12,362" 16,769 13,875" 891 0.005 0.461 0.072
Milk energy output from body 113.1 1969.5° 478.3 726 0.992 1.000 0.995

True energy efficiency, %° 65.21 86.1 79.51 7.0 0.106 0.329 0.786
Milk energy from diet’ 90.6 86.8" 90.1 4.7 0.837 0.997 0.869
Milk energy from body 9.4 13.2" 9.9 4.7 0.837 0.997 0.869
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Table 3.6. (cont’d)
Heat production associated with lactation®,

keal-d-t-BW-275 98.8" 39.50 50.33" 15.22 0.028 0.082 0.870

Over-21 day lactation

Number of sows® 11 9 9

MEnmii, kcal/day* 14519 14,128 12,481 879 0.924 0.229 0.349
MEintake 20,735 20,516 18,723 864 0.978 0.264 0.335
MEmaintenance 6,227 6,386 6,199 152 0.670 0.987 0.617

Milk energy output from diet, kcal/day® 10,296 11,567 10,599 1314 0.736 0.982 0.843
Milk energy output 11,210 14,174 11,837 1172 0.153 0.873 0.272
Milk energy output from body -149 2245 398 913 0.241 0.900 0.410

True energy efficiency, %° 70.5 82.2 83.2 6.3 0.439 0.390 0.993
Milk energy from diet’ 91.6 81.6 88.3 5.3 0.425 0.898 0.668
Milk energy from body . 8.5 18.4 11.7 5.3 0.425 0.898 0.668

Heat production associated with lactation®, 68.95 36.76 31.99 14.95 0.321 0.248 0.970

kca|.d-1.Bw-0.75
!Data are least squares means.
2Maximum value of the standard error of the means.
3Sows with an actual feed intake as percentage of predicted > 75% during days 4-8 and days 14-18.
“Metabolizable energy (ME): ME ;i (kcal/day) = ME; ke (kcal/day) — ME paintenance (Kcal/day)

Milk energy output from diet (kcal/day) = Milk energy output (kcal/day) — Milk energy output from body (kcal/day)
Milk energy output from diet (kcal/day) % 100%

ME ik (kcal/day)
Milk energy output from diet (kcal/day)

Milk energy (kcal/day)

®True energy efficiency(%) =

'Milk energy from diet(%) =

MEniik (l;CT:;l)—milk energy output from diet (kcal/day)

8Heat production associated with lactation(kcal/(day - BW?7%) =

“Main effect of period (early and late) was significant (P < 0.05).
TMain effect of period (early and late) tended to be significant for true energy efficiency (CON P = 0.086; OPTLEU P = 0.100).

BWO.75
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Figure 3.1. Dietary gross energy (GE) partitioning through digestible energy (DE), metabolizable energy (ME), heat increment (HI)
towards lactation net energy (NEiactation).
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Figure 3.2.The partitioning of total heat production of sows fed control (CON), optimal (OPT) and optimal + leucine (OPTLEU) over
a 21-day lactation period. Total heat production did not differ between diets.

91



CHAPTER 4
EFFECT OF DIETARY NEAR IDEAL AMINO ACID PROFILE ON HEAT

PRODUCTION IN LACTATING SOWS EXPOSED TO THERMAL NEUTRAL AND
HEAT STRESS

ABSTRACT

The hypothesis of this study was that lactating sows fed a low crude protein (LCP) diet
with supplemental AA to improve AA balance have less total heat production (THP) compared to
those fed a high crude protein (HCP) diet under both thermal neutral (TN) and heat stress (HS).
Thirty-two lactating sows were allotted to HCP (19.3% CP) and LCP (14.0% CP) diets under
thermal neutral (TN, 21+1.5°C) or cycling heat stress (HS, 32+1.5°C daytime and 24+1.5°C
nighttime). Diets contained 0.90% SID Lys and 2,580 kcal/kg net energy. Positive pressure indirect
calorimeters were used to measure gas exchange in individual sows with litters, and individual
piglets on lactation days 4, 8, 14 and 18, and THP determined overnight (1900-0700) and during
daytime (0700-1900). Sow and litter weights were recorded on days 1, 10 and 21. Sow THP was
calculated by subtracting litter THP from sow + litter THP based on BW?7%, Under HS, sows BW
and body protein (BP) loss was greater for LCP diet compared to HCP diet in peak lactation (P <
0.05 and P < 0.01) and throughout the entire lactation period (P < 0.05 and P = 0.056). For the
HCP diet, compared to TN, sows under HS had higher (P < 0.05) rectal temperature at 1300 (P <
0.05) and 1900 (P < 0.01), and higher respiration rate at 0700 (P < 0.05), 1300 (P < 0.05) and 1900
(P <0.05). For the LCP diet, sows under HS tended to have higher (P = 0.098) rectal temperature
at 1300, and had higher respiration rate at 0700 (P < 0.05), 1300 (P < 0.05) and 1900 (P < 0.05).
The relationship between daily THP and days in lactation of sows fed LCP diet was quadratic (P
< 0.05), with an ascending trend until day 14 and a descending trend from days 14 to 18. Under

HS, compared to HCP diet, sows fed LCP diet had lower daily THP at day 18 (P < 0.001). To
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conclude, feeding LCP reduced THP and this reduction was mainly associated with THP on day
18 of lactation under HS environment. Feeding LCP diet alleviated the increased body temperature
in sows under HS throughout lactation, which was accompanied by a reduction in respiration rate.
Total heat production is associated with days in lactation, in particular under HS conditions with

THP appearing to peak between days 14 and 18.

INTRODUCTION

Despite various cooling strategies, swine production systems are suboptimal in the summer
(St- Pierre et al., 2003). Heat stress (HS) causes a series of adaptive behavioral and metabolic
changes (Bernabucci et al., 2010), including reduced voluntary feed intake (Pérez Laspiur and
Trottier, 2001; Williams et al., 2013) and milk production in sows (Farmer and Prunier, 2002;
Renaudeau et al., 2012), elevated respiration rate (RR) and body temperature (Johnson et al.,
2013), and increased lipid tissue deposition in growing pigs (Brown-Brandl et al., 2004; Qu et al.,
2016). Swine are naturally HS sensitive due to a lack of functional sweat glands (Curtis, 1983) and
the existence of a substantial subcutaneous fat layer (Qu et al., 2016). Newer genetic lines for
greater lean yield have also contributed to an increase in metabolic heat production (Brown-Brandl
etal., 2004 and 2014). In 2003, St-Pierre et al. (2003) reported that HS contributed to $360 million
in annual economic losses to the United States swine industry. This figure increased to $900
million in 2010 (Pollmann, 2010).

Greater metabolic rate during lactation due to the intense demand for milk production and
litter-rearing (Johnson et al., 2019) increases heat sensitivity (Renaudeau et al., 2012) and HS risk
to a larger extent than other production stages (Williams et al., 2013). Therefore reducing heat

production in lactating sows exposed to high environmental temperature may improve production
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efficiency and welfare. Reducing dietary protein decreases metabolic heat production in growing-
finishing pigs (Le Bellego et al., 2001; Kerr et al., 2003). In Chapter 3, estimated heat production
at peak lactation was reduced from 69 to 37 kcal-d-BW?°° in lactating sows housed under thermal
neutral (TN) condition by lowering dietary CP from 18.7 to 13.8%. In this chapter, it is examined
whether feeding reduced CP diets to lactating sows may be a nutritional strategy to mitigate heat
production by using an indirect calorimetry approach. It was hypothesized that feeding a reduced
CP diet formulated to contain a near ideal amino acid (NIAA) profile reduces total metabolic heat
production in lactating sows under TN and HS conditions compared to feeding a non-reduced CP
diet formulated to meet SID Lys requirement with feed ingredients as the sole source of Lys. The
study objective was to use indirect calorimetry to measure heat production of lactating sows fed a
diet containing 18.4% CP and a NIAA diet containing 13.6% CP and housed under TN or HS

environments.

MATERIALS AND METHODS

Animals, Feeding and Experimental Design

The experiment was conducted at the USDA-ARS Livestock Behavior Research Unit
(West Lafayette, IN) in four consecutive blocks. Thirty-two multiparous (parity 3.25 £+ 0.54)
lactating Yorkshire x Landrace sows were used, with 8 sows randomly assigned to 1 of 2 dietary
treatments per block. In each block, sows were individually housed in farrowing stalls, with 6
located in chambers as described in Johnson et al. (2019), and 2 for backup substitutes outside of
chambers. Sows were exposed to either TN environment (21.0+1.5°C and 41.8+6.5% relative
humidity) in blocks 2 and 4, or cycling HS environment (24.0 and 32.0+£1.5°C during nighttime
and daytime, respectively, and 47.3+5.4% relative humidity) in blocks 1 and 3, described in further

details below. All sows were acclimated to diets (2.2 kg/d) and ambient temperature 6 days prior
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to farrowing. After farrowing, HS sows in blocks 1 and 3 were provided ad libitum access to feed.
Feed allowance of TN sows (i.c., blocks 2 and 4) was calculated based on feed intake of HS sows
within the respective dietary treatments from the preceding block including the backup substitute
sows. Feed was provided 3 times daily, and orts were weighed and discarded every other day to
avoid interfering with calorimetry day and maintain protocol consistency. No creep feed was
provided to piglets and all animals had free access to water. Tail docking, ear notching, teeth
clipping, iron injection, and castration were performed according to farm protocol 24 h post birth.
Sows were housed in farrowing crates, and litters were standardized to 11.5 + 0.9 piglets within
the first 24 h of birth. Sow and litter weights were recorded, and sow backfat was measured with
a backfat scanner (Lean-meater®, series 12, Renco Corp., Golden Valley, MN, USA) on days 1,
10, and at weaning. Weaning varied between days 17 and 21 of lactation due to farrowing schedule
and constraints of the breeding schedule. Two sows were weaned on days 15 and 16 and their
performance data (feed intake, litter weight gain, piglet ADG for day 10 to weaning) were excluded
from the analyses. Milk samples were obtained from all sows on days 6 and 16 to represent early

and peak lactation, respectively.

Dietary Treatment

Ingredients and calculated nutrient composition of the diets are presented in Table 4.1.
Analyzed total (hydrolysate) and free AA concentrations are presented in Table 4.2. The NRC
(2012) model was used to estimate requirements for AA, net energy (NE), calcium (Ca) and
phosphorus (P). The requirements were predicted based on the following parameters: sow BW of
210 kg, parity number of 2 and above, and daily intake of 6 kg/day, litter size of 10, piglet BW
gain of 280 g/day over a 21-day lactation period. The model predicted a minimum sow BW loss

of 7.5 kg and the protein:lipid in the model was adjusted to the minimum allowable value of near
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zero. All diets were formulated to contain the same SID Lys (0.90%) and NE (2,580 kcal/kg)
concentrations.

The control diet was formulated using corn and soybean meal as the only sources of Lys to
meet NRC (2012) SID Lys requirement (0.90%) and consequently contained 18.75% CP. Valine
met near SID requirement of 0.77% (vs. 0.79%) (NRC, 2012). All other essential amino acid (EAA)
SID concentrations were in excess relative to NRC (2012). This diet is referred to as the high
crude protein (HCP) throughout the remainder of this chapter.

A second diet balanced to reach a near ideal AA (NIAA) profile was formulated as
described in Chapter 2. Briefly, the NIAA diet was designed by reducing soybean meal relative to
corn to meet the minimum SID Leu requirement 1.03%, which corresponded to a CP concentration
of 13.75%. Then, supplemental crystalline source of L-histidine (His), L-isoleucine (Ile), L-lysine,
DL-methionine (Met), L-phenylalanine (Phe), L-threonine (Thr), L-tryptophan (Trp) and L-valine
(Val) were added to meet the minimum SID requirement for those AA. Crystalline DL-methionine
was added to meet the requirement of Met + cysteine (Cys). This diet is referred to as the low

crude protein (LCP) diet throughout the remainder of the manuscript.

Environmental Control and Physiological Monitoring

Under TN environment, ambient temperature was kept constant at 21°C, beginning 6 days
prior to expected farrowing through weaning. Under HS environment, a cycling HS approach was
used to simulate fluctuation in temperature over a 24-h period during the summer season. Sows
were progressively adapted to increasing ambient temperature over a 6-day period prior to the
expected farrowing date, with the basal temperature of 21.0°C increased by 1.8°C per day to a
maximum of 32°C by day 7, which corresponded to day 114 of gestation. The nighttime

temperature for HS was maintained at 24°C. By day 2, the temperature exceeded 24°C, therefore
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it was gradually decreased beginning at 1500 to reach 24°C by 1900. During lactation, the
temperature was gradually increased every day from 24.0°C beginning at 0700 to 32.0°C at 1100,
and thereafter the ambient temperature was maintained at 32.0°C until 1500. The temperature was

gradually decreased beginning at 1500 to reach 24.0°C by 1900.

Physiological indicators of HS included body temperature (vaginal and rectal temperature)
and RR. Vaginal temperature was recorded in 10 min intervals, 24 h per day starting at day 3 of
lactation until weaning using vaginal implants as previously described (Johnson and Shade, 2017;
Kpodo et al., 2019). Rectal temperature and RR were recorded daily at 0700, 1300, and 1900
starting at lactation day 1 until day of weaning. Respiration rate was measured by counting flank
movement for 15 s and multiplying by 4 as previously described (Kpodo et al., 2019). Lights were

automatically turned off and on at 2100 and 0600, respectively.

Indirect Calorimetry

In each block, six sows and their litters were housed in indirect calorimetry chambers and
THP was determined on days 4-5, 8, 14-15 and 16-19 of lactation (corresponding to days 4, 8, 14
and 18, respectively, in the remainder of the chapter). Calorimetry was conducted in accordance
with methods described in details in Johnson et al. (2019). One sow (LCP, block 2, TN) farrowed
later than her expected due date and therefore did not participate in the last calorimetry
measurement day (i.e., day 18) due to constraints of the breeding schedule. Another sow (LCP,
block 1, HS) completed half of her last calorimetry day on day 16 also due to her late farrowing
date relative to her expected day. These 2 sows were weaned on days 15 and 16, respectively.
Within each indirect calorimetry testing day, total heat production was determined from 1900-
0700 (overnight), 0700 (pre-feeding), 0800, 0900, 1000, 1100, 1300 (pre-feeding), 1500 and 1900

(pre-feeding). Indirect calorimetry was also conducted on sentinel piglets for their THP on days 4,
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8, 14 and 18, and detailed in Johnson et al. (2019). The sentinel litter data were then used as a

correction factor to estimate THP of the individual test sows.

Nutrient Analysis for Diet and Milk

Feed was subsampled and submitted to the Agricultural Experiment Station Chemical
Laboratories (University of Missouri-Columbia, Columbia, MO) for AA analysis [AOAC Official
Method 982.30 E (a,b,c), 45.3.05, 2006] to verify accuracy of feed mixing. Milk samples were
submitted to the Michigan Dairy Herd Improvement Association (NorthStar Cooperative, Lansing,
MI) for analyses of fat, true protein, lactose, total solids and milk urea N (MUN) using infrared

spectroscopy.

Calculations

Milk N concentration

Milk N concentration was calculated based on milk true protein and milk MUN concentrations as
follows (Eg. 1):
Milk N concentration (%) = milk true protein (%) X 6.38 + MUN (%) 1)

Milk energy concentration

The milk energy content was calculated based on Weast et al. (1984) as follows (Eq. 2):
Millk energy (kcal/g) = Fat % X 9.5 + protein % X 5.7 + lactose % X 3.95 2

Heat production

Heat production was calculated based on Brouwer (1965) as follows (Eq. 3):

HP =3.87 x Oy + 1.20 x CO5 — 1.43 x urinary N 3)

Where,

98



HP = heat production (kcal), Oo = oxygen consumption (L), CO» = carbon dioxide production
(L) and urinary N excretion (g).

Based on the study by Chamberlin (2017), urinary N excretion accounts for only 0.24 - 0.64% of
the total heat production in pigs, therefore it was not included in the calculation.

Sow metabolic CO: (Eq. 4), Oz (Eq. 5) and THP (Eqg. 6) was calculated by subtracting litter THP
from sow + litter THP based on BW®7° of sow and litter, respectively.

Sow metabolic CO,(L-d™* -BW™%7%) =

Sow and litter CO, (L/d) - litter metabolic CO, (kcal-d~* - BW%73) x LW?75

Sow BW0.75 4)
Sow metabolic O5(L-d~! - BW™07%) =
Sow and litter O, (L/d)-litter metabolic O, (L-d~*- BW?%75) x LW®75 5)
Sow BW075
Sow metabolic THP (kcal - d=! - BW°7%) =
Sow and litter THP (kcal/d) — litter metabolic THP (kcal - d~1- BW%75) x LW?75 ()

Sow BW0.75

Litter weight (LW) could not be recorded on calorimetry days (days 4, 8, 14 and 18), therefore
LW was estimated by assuming linear growth rate from days 1 to d 10 and from days 10 to wean

day (Eq. 7-10).

LW 410(kg) — LWy, (kg)

LWas (kg) = LWq; (kg) + 4 2——28 ¢ (d4 — d1) (7)
LW 410(kg) — LWy, (kg)

LWgg (kg) = LWg; (kg) + ¢ T0—m= X (d8 — d1) ()

LWyean(kg) — LWg,(kg)

LWy14 (kg) = LWy40(kg) + dyour — d10

x (d14 — d10) 9)

LWWean (k ) - LW (k )
LW ean (K8) = LWaso (kg) + 2" — 02 X (dyyean — d10) (10)

Statistical Analysis

Data were analyzed by ANOVA using the Mixed model procedures of SAS 9.4 (SAS
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Inst. Inc., Cary, NC).

For the analysis of performance (Table 4.3), body composition (Table 4.4) and milk
composition (Table 4.5) data, the following model was used:

Response = diet + environment + stage + blockenvironment + SOWdietxblock + diet X
environment + diet x stage + environment x stage + e

The response of sow depended on the fixed effects of diet (HCP vs. LCP), environment
(TN vs. HS), and lactation stage (early vs. peak lactation, if applicable). The random effects
included block nested within the environment (TN and HS), individual sow nested within diet
and block. The interactive effects of diet x environment, diet x stage, and environment x
stage were also included.

For the analysis of physiological data, rectal temperature and RR was first averaged over
the lactation period for each sow at each measurement time (0700, 1300 and 1900). (Table 4.6)
and the following model was used:

Response = diet + environment + time + blocKenvironment + SOWdietxbiock + diet X environment
+ diet x time + environment X time + e

The response of sow depended on the fixed effects of diet (HCP vs. LCP), environment
(TN vs. HS), and repeated measurements of time for body temperature and RR (0700, 1300 and
1900). The random effect included block nested within the environment (TN and HS), individual
sow nested within diet and block. The interactive effect of diet x environment, diet x time, and
environment x time were also included.

For the analysis of vaginal temperature (Figure 4.1), the following model was used:

Response = diet + environment + day + blocKenvironment + SOWaietxblock + diet X environment

+ diet x day + environment x day + e
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The vaginal temperature (i.e., response) was averaged daily, and depended on the fixed
effects of diet (HCP vs. LCP), environment (TN vs. HS), and repeated measurement of day of
lactation. The random effects included block nested within the environment (TN and HS),
individual sow nested within diet and block. The interactive effects of diet x environment, diet
x day, and environment x day were also included.

The THP on days 4, 8, 14 and 18 of lactation was analyzed to compare dietary effect
(HCP vs. LCP) within each environment (HS or TN) (Table 4.7). Under HS, ME intake (MEI)
between diets varied, thus the MEI was included as a covariable in the model as follows:

Response = MEI + diet + day + block + Sowgietxbiock + diet x day + e

The response of sow corrected for MEI depended on the fixed effects of diet (HCP vs.
LCP) and repeated measurements of each calorimetry day (days 4, 8, 14 and 18). The random
effects included block, individual sow nested within diet and block. The interactive effect of diet
x day was also included. Under TN, sows were pair fed to HS counterparts, and therefore MEI
was fixed. The MEI was not an independent and random variable, thus the model was the same
as under HS except that the covariable MEI was not included.

The THP at different daytime points on days 4, 8, 14 and 18 of lactation was analyzed to
compare dietary effect (HCP vs. LCP) within each environment (HS or TN) via double repeated
measurements (day and sampling time) (Table 4.8). Under HS, MEI was included as a covariable
in the model as follows:

Response = MEI + diet + day + sampling time + block + SOWdietxblock + diet x day + diet x
sampling + day x sampling + e

The response of sow was corrected by MEI and depended on the fixed effect of diet

(HCP vs. LCP), and double repeated measurements of calorimetry day (days 4, 8, 14 and 18) and

101



sampling time (0700, 0800, 0900, 1000, 1100, 1300, 1500 and 1900) of CO2 and O>. The
random effect included block, individual sow nested within diet and block. The interactive effect
of diet x day, diet x sampling time, and day x sampling time were also included. Under TN, the
model was the same as under HS, except that the covariable was not included.

Effects were declared significant at P < 0.05 and tendency were declared at 0.05 <P <0.10.

RESULTS

Experimental Diets
Diet composition and nutrient concentrations are presented in Table 4.1 and EAA

concentrations are presented in Table 4.2.

Performance

Sow and litter performances are presented in Table 4.3.

LCP vs. HCP. Under TN and HS, daily feed intake and backfat loss, and litter weight gain
did not differ between sows fed LCP and HCP diets at any stages of lactation. Under TN, BW loss
did not differ between diets. Under HS, BW loss was greater for sows fed LCP diet compared to
HCP diet in peak lactation (P < 0.05) and throughout the entire lactation period (P < 0.05).

HS vs. TN. For HCP diet, daily feed intake, backfat loss, and litter weight gain did not
differ between HS and TN at any stages of lactation, and compared to TN, sows under HS lost less
BW (P < 0.05) during peak lactation. For LCP diet, daily feed intake, backfat loss, and litter weight
gain did not differ between HS and TN at any stages of lactation. For LCP diet, compared to TN,

sows under HS tended to lose more BW (P = 0.052) during peak lactation.
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Body Lipid and Protein Mobilization

Body lipid and protein mobilization data are presented in Table 4.4 and illustrated in
supplementary Figure B1.

LCP vs. HCP. Under TN, body lipid (tissue) and body protein (tissue) mobilization did not
differ between sows fed LCP and HCP diets at any stages of lactation. Under HS, body lipid (tissue)
mobilization did not differ between sows fed LCP and HCP diets at any stages of lactation. Under
HS, compared to HCP diet, sows fed LCP diet mobilized and tended to mobilize more body protein
(tissue) during peak (P < 0.01) and throughout the entire lactation periods (P = 0.056), respectively.

HS vs. TN. For the HCP diet, body lipid (tissue) mobilization did not differ between HS
and TN at any stages of lactation. For sows fed HCP diet under HS, compared to TN, sows
mobilized less (P < 0.05) body protein (tissue) during peak lactation. For sows fed the LCP diet,
body lipid (tissue) mobilization did not differ between HS and TN at any stages of lactation. For
sows fed the LCP diet under HS, compared to TN, sows mobilized more (P < 0.05) protein (tissue)
during peak lactation, and tended to lose more (P = 0.072) protein (tissue) throughout the entire

lactation period.

Milk Yield and Composition

Milk composition data are presented in Table 4.5.

LCP vs. HCP. Under TN, milk yield, and milk true protein, lactose, fat and energy
concentrations did not differ between sows fed LCP and HCP diets at any stages of lactation.
Under TN, compared to HCP diet, sows fed LCP diet had lower MUN during both early (P < 0.01)
and peak (P < 0.01) lactation, and tended to have lower milk N concentration (P = 0.098). Under
HS, milk yield, milk true protein and lactose did not differ between sows fed LCP and HCP diets

at any stages of lactation. Under HS, compared to HCP diet, sows fed LCP diet had lower MUN
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during both early (P < 0.01) and peak (P < 0.01) lactation, and lower milk energy (P < 0.05), fat
(P <0.05), and tendency for lower milk N concentration (P = 0.063) during early lactation. Under
HS, milk energy, fat, lactose and N concentrations did not differ between LCP and HCP during
peak lactation.

HS vs. TN. Compared to TN, sows fed either HCP or LCP diets under HS did not differ in

milk production, and milk true protein, MUN, N, energy, lactose and fat concentrations.

Physiological Response to Ambient Temperature

The rectal temperature and RR data are presented in Table 4.6. VVaginal temperature data
are depicted in Figure 4.1.

HS vs. TN. For the HCP diet, compared to TN, sows under HS had higher (P < 0.05) rectal
temperature at 1300 (P < 0.05) and 1900 (P < 0.01), and RR at 0700 (P < 0.05), 1300 (P < 0.05)
and 1900 (P < 0.05). For the LCP diet, sows under HS tended to have higher (P = 0.098) rectal
temperature at 1300, and RR at 0700 (P < 0.05), 1300 (P < 0.05) and 1900 (P < 0.05). For either
HCP or LCP diets, compared to TN, sows under HS had higher (P < 0.01) vaginal temperature
over 18 days of lactation period.

LCP vs. HCP. Under TN, sow rectal temperature and RR did not differ between LCP and
HCP diets at 0700, 1300 and 1900. Under HS, compared to HCP diet, sows fed LCP diet had lower
rectal temperature (P < 0.05) at 1900, lower RR at 0700 (P < 0.05) and tended to have lower RR
at 1900 (P = 0.085). Under either TN or HS, compared to HCP diet, sows fed LCP diet had lower

(P < 0.01) vaginal temperature over 18 days of lactation period.
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Heat Production

Total heat production data are presented in Tables 4.7 and 4.8.

Nighttime. Under TN, compared to HCP diet, THP of sows fed LCP diet did not differ at
days 4, 8, 14 and 18. Under HS, compared to HCP diet, sows fed LCP diet tended to have lower
THP at day 4 (P = 0.092), and lower THP at day 18 (P < 0.05).

Daytime. Under TN, compared to HCP diet, THP of sows fed LCP diet did not differ at
days 4, 8 and 18, and tended to have lower THP (P = 0.093) at day 14. Under HS, compared to
HCP diet, sows fed LCP diet had lower THP (P < 0.01) at day 18.

24-hour period. Under TN, compared to HCP diet, THP of sows fed LCP diet did not differ
at days 4, 8, 14 and 18. Under HS, compared to HCP diet, sows fed LCP diet had lower THP at
day 18 (P < 0.001).

Over the course of lactation. The relationship between daily (overall 24 h) THP of sows
fed LCP diet as lactation progressed was quadratic (P < 0.05) under HS, showing an ascending
trend until day 14 and a descending trend from days 14 to 18. This relationship was also observed
for sows fed LCP diet under HS environment during daytime (0700-1900) (P < 0.05) and nighttime
(1900-0700) (P < 0.05). For sows fed HCP diet, this relationship was quadratic under TN during
daytime (0700-1900) (P < 0.05). There was no relationship between THP and days in lactation for
sows fed HCP during nighttime under TN.

Daytime time points. Under TN, compared to HCP diet, THP of sows fed LCP diet did not
differ on days 4, 8 and 18 at any of the time points, and sows fed LCP on day 14 diet had lower
(P < 0.05) THP at 0700, and did not differ at other time points.

Under HS, compared to HCP diet, THP of sows fed LCP diet did not differ on day 4 at any

time points, and on day 8 tended to have lower THP at 0700 (P = 0.061) and 1500 (P = 0.062) and
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did not differ at other time points. On day 14, THP tended to be lower at 1000 (P = 0.076) and did
not differ at other time points. On day 18, THP was lower at 0800 (P < 0.01), 0900 (P = 0.08),
1000 (P < 0.01), 1100 (P <0.01), 1300 (P < 0.01) and 1500 (P < 0.01), and did not differ at 0700

(Table 4.8).

DISCUSSION

Daily metabolic Oz consumption and CO> production values (supplementary Tables B1
and B2) were similar to those reported in growing pigs by Jaworski et al. (2016), ranging from
31.93 to 34.21 L-d*BW?" and 30.99 to 32.42 L-d"*'BW " for metabolic CO2 production and
O consumption, respectively. As well, daily THP were similar those reported by Jakobsen et al.
(2005) who estimated an average THP of 164 kcal-d’1"BW" for individual lactating sows fed
diets containing 18.8% CP by indirect calorimetry and double labeled water technique. Cabezdn
et al. (2017a) reported a model predicted-value of 178 kcal-d’:-BW™ 7 for parity 3-5 sows and
assuming a BW of 250 kg. These findings are in line with the current results. Earlier on, Bond et
al. (1959) measured THP of lactating sows, including their litters at 92 kcal-d"*BW" using
indirect calorimetry, reflecting lower lactation demand relative to this current study and others.
Brown-Brandl et al. (2014) and Stinn and Xin (2014) reported THP values from 193 to 339 kcal-d”
LBW?O7 and from 284 to 405 kcal-d*BW75, respectively. In both of these studies, calorimetry
was conducted at the facility level, hence the THP values include sows with their litters which are
expected to be higher than for individual sows. In the current study, results of daily THP including
sows and litters (Supplementary Table B7) were also higher than those of sows alone (Table 4.7).

Sows fed the LCP diet produced less daily metabolic heat than those fed the HCP diet
throughout lactation, in particular on day 18 under HS environment. The lower MUN

concentration for sows fed LCP diets under both TN and HS conditions resulted from less
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oxidation of excessive dietary AA and reduced urea synthesis as previously described (Kerr et al.,
2003; Zhang et al., 2019; Zhang and Trottier, 2019). In Chapter 3, the estimated THP values of
lactating sows based on energy balance were 170 and 140 kcal-d*BW™"° by decreasing dietary
CP from 18.7 to 13.8%, respectively. In the present study, THP generated from indirect calorimetry
decreased from 155 to 139 kcal'd*BW™ " under TN conditions, and 157 to 141 kcal'd*-BW7
under HS conditions by feeding the same diets. Thus, this study validates the estimated values
presented in Chapter 3. In growing-finishing pigs, Kerr et al. (2003) reported that decreasing
dietary protein from 16 to 12% reduced THP from 165 to 160 kcal-d"*BW"° under TN, and from
147 to 136 kcal-d " BW™ " under HS. Le Bellego et al. (2001) reported a reduction in THP from
357 to 333 kcal'd*BW% in response to decreasing dietary CP from 19 to 12%. In the present
study, a reduction of total heat relative to dietary CP decrease were 2.97 and 3.22 kcal/g CP
reduction under TN and HS, respectively. Such values for growing-finishing pigs were up to 1.8
and 4.9 kcal/g CP reduction under TN and HS conditions, respectively (Noblet et al., 1987; Le
Bellego et al., 2001; Kerr et al., 2003). In the study by Kerr et al. (2003), pigs under HS has a
lower feed intake than those under TN because they were not pair-fed. Thus it is possible that the
difference in feed intake contributed to a larger reduction in heat (4.9 kcal/g CP) compared to
reported values herein (3.22 kcal/g CP). Under either TN or HS, both daily feed intake and milk
production did not differ between HCP and LCP diets, therefore the lower THP in sows fed LCP
diet compared to HCP diet on lactation day 18 may be attributed to less oxidation of excessive
dietary AA and reduced urea synthesis (Kerr et al., 2003; Zhang et al., 2019; Zhang and Trottier,
2019). In Chapter 2, the theoretical heat reduction associated with less AA intake was 344 kcal d
! (zhang and Trottier, 2019) was reported based on the NE model for the growing-finishing pig,

but excluded heat associated with mammary metabolism.
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The relationship between THP and days in lactation in this study was previously reported
by others (Brown-Brandl et al., 2014; Stinn and Xin, 2014), and followed a similar trend to that of
milk production, piglet growth and nutrient demand (Chamberlin, 2017). Toner et al. (1996)
described the milk production curve, composed of the colostral, ascending, plateau and descending
phases, with duration of the ascending phase varying from day 14 to 28 of lactation, depending on
breed, nutrition, and parity, and other factors (Elsley, 1971; Harkins et al., 1989). Hansen et al.
(2012) reported a mean time to peak lactation of 18.7 days from a meta-analysis study. Increasing
THP with progression of lactation followed by a descending trend reflects THP associated with
lactation demand. The RQ (supplementary Tables B3 and B6) values in this study remained close
to 1 throughout lactation, indicating that dietary carbohydrates were serving as primary oxidative
substrate (Nienaber et al., 2009), and that sows were not in severe negative energy balance. A RQ
close to 1 was also previously reported at fed state in growing pigs (Brown-Brandl et al., 2014;
Jaworski et al., 2016; Li et al., 2017; Lyu et al., 2018), gestating sows (Stinn and Xin, 2014; Wang
et al., 2019) and lactating sows (Stinn and Xin, 2014; Jakobsen et al., 2005).

The lower THP during nighttime compared to daytime, regardless of environmental
conditions, was expected and similar to findings of Stinn and Xin (2014) and Brown-Brandl et al.
(2014). This response was likely due to lower feed intake and activity level, as previously
described (Pedersen and Rom, 2000) and to circadian rhythm differences between the daytime and
the nighttime (Brown-Brandl et al., 2014). Reduction of THP between daytime and nighttime
corresponded to a 19 and 16% decrease under TN and HS, respectively. Stinn and Xin (2014)
reported a day to night THP reduction of 27 and 6% during late gestation and lactation, respectively,
in sows housed at 20 °C.

Heat increment of lactating sows has not previously been reported. In this study, THP
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measured at different time points during the day was not affected by the feeding schedule (0700,
1300 and 1900), which was likely attributed to short duration of time between feedings. The
longest time was 12 h, between the last evening feeding at 1900 and the morning feeding at 0700.
In growing-finishing pigs, THP was reported to differ between pre- and post-feeding under feed
restriction exceeding 30 h (Li et al., 2017; Lyu et al., 2018). In these studies, the RQ decreased to
0.8, suggesting oxidation of body protein and adipose tissues (Nienaber et al., 2009) and pointing
to a fasted state (Labussiere et al., 2008). Note that in this study, the RQ before the morning feeding
was fairly close to 1 (see supplementary Table B6), suggesting the major substrate for oxidation
was glucose, and that 12 h fasting overnight was not sufficient to elicit a fasting state despite the
high metabolic demands of lactation.

Animals under high ambient temperature reduce their metabolic heat production and
improve heat losses by latent and sensible pathways (Renaudeau et al., 2012). Thus, reduced feed
intake, milk production or growth rate have been considered as adaptation mechanisms to high
ambient temperature through mitigation of metabolic heat (Renaudeau et al., 2012). It was
traditionally recognized that maintenance cost increases under HS in ruminants (Beede and Collier,
1986), rodents (Collins et al., 1980) and swine (Campos et al., 2014), as a results of greater energy
associated with heat dissipation, such as sweating and panting. Conversely, Johnson et al. (2015)
estimated that pigs exposed to HS requires 588 kcal/d less ME for maintenance than pigs raised
under TN conditions. Yunianto et al. (1997) also reported lower heat production and reduced
plasma triiodothyronine (T3), thyroxine (T4) in tube-fed broiler chickens under HS than TN.
Lower THP under HS was also found in growing pigs (Collin et al., 2001; Kerr et al., 2003;
Renaudeau et al., 2013). Heat reduction under HS may be related to reduction in visceral mass

(Rinaldo and Le Dividich, 1991) or decreased feed intake (Collin et al., 2001). In lactating sows,
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in addition to milk nutrient synthesis the main contributor to THP is heat increment of feeding
(NRC, 2012; Cabezén et al., 2017b). In this study, it was initially planned to pair feed the TN sows
to preceding HS sows so that sows under HS has similar feed intake as sows under TN in order to
compare THP under TN and HS. However, feed intake between diets varied within either TN or
HS environment, thus MEI was included as a covariable under HS to adjust THP. The MEI under
TN was fixed due to pair feeding, and was not an independent and random variable, thus the
covariable MEI was not included under TN. In this sense, the THP under TN and HS was not
compared since THP was analyzed by different model (i.e., TN without covariable MEI and HS
with covariable MEI).

Sows fed LCP diet lost more BW than those fed HCP diet only under HS, which was
attributed to greater body protein mobilization. Increase partitioning of AA towards mammary
gland at the expense of maternal body reserves in sows fed a LCP diet has been suggested by
Huber et al. (2015). Long term exposure to HS environment may further aggravate skeletal muscle
catabolism (Wheelock et al., 2010; Pearce et al., 2013; Rhoads et al., 2013). The loss of BW and
protein reserve is of potential concern for subsequent reproductive cycle (Bergsma et al., 2009)
and therefore additional research is needed to evaluate the feasibility of feeding a LCP diet over
several parities. Similar findings have been reported under TN condition (Chamberlin et al., 2015b;
Huber et al., 2015; Zhang et al., 2019). On the other hand, others reported that sow BW loss did
not differ between HCP and LCP diets under HS (Chamberlin et al., 2015a; Johnston et al., 1999).
Of note, sows fed HCP diets lost less BW under HS compared to the pair fed TN (PFTN)
counterparts in peak lactation, with similar results observed in gilts fed 17.5% CP (Pearce et al.,
2013). Thus PFTN animals may be under greater physiological stress compared to their HS

counterparts due to nutrient restriction (Pearce et al., 2013). In the latter, the greater BW loss of
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PFTN counterparts fed 17.5% CP was also due to body protein loss. Conversely, when fed LCP
diet, sows in the current study tended to lose more BW and body protein under HS compared to
their PFTN counterparts, suggesting an interaction between diet and environment. It is possible
that the LCP diet was limiting in certain AA under HS condition. For instance, AA oxidation
increases due to greater maintenance cost under HS (Campos et al., 2014). In addition, lactating
sows exposed to HS have reduced milk concentration of Arg, Lys, Val and Pro (Peréz Laspiur and
Trottier, 2001). These observations (Peréz Laspiur and Trottier, 2001; Campos et al., 2014) suggest

that HS may increase oxidation of certain AA and as a result may lead to AA imbalance.

CONCLUSION

Feeding reduced CP diet with a NIAA profile alleviated the increased body temperature of
sows under HS environment which was accompanied by a reduction in respiration rate. Feeding
LCP reduced daily THP by 10.3% over the lactation period, and this reduction was mainly
associated with the THP response on day 18 of lactation. Sows fed LCP diet had 73% average
reduction in MUN and maintained similar feed intake and lactation performance compared to sows
fed HCP, suggesting that reduction of THP in sows fed LCP was attributed to less oxidation of
excessive dietary AA and reduced urea synthesis. Total heat production is associated with days in
lactation, in particular under HS conditions with THP appearing to peak between days 14 and 18.

Results suggest that sows under HS environment and fed reduced dietary CP with a NIAA
balance demonstrated less physiological stress to heat. The reduction of THP also implies an
increased dietary energy utilization efficiency for lactation during the later stage of lactation.
Results presented in Chapter 3 also indicated the efficiency of energy utilization based on energy

balance data and estimated heat production was greater in the peak stage of lactation in sows fed
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a NIAA profile diet. These results shed additional light on the potential benefits of feeding low
protein diets, on a larger scale, including maximizing production efficiency, improving welfare of
lactating sows under global warming and potentially mitigating the carbon footprint. Amino acid
requirements of lactating sows exposed to HS will need to be re-evaluated in order to formulate
diets with NIAA profile that maintain maternal body protein retention in order to implement such

nutritional strategy over multiple parities.
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Table 4.1. Ingredient composition and nutrient content of high crude protein (HCP) and low crude
protein (LCP) diets (as-fed)

Item HCP LCP

Ingredient composition, %
Corn, yellow dent 59.27 61.55
Soybean meal, 48 % CP 30.00 14.00
Soy hulls 0 10.57
Sugar food product! 5.00 5.00
Beef tallow 3.35 5.02
L-Lys-HCI 0 0.47
L-Val 0 0.29
L-Thr 0 0.20
L-Phe 0 0.13
DL-Met 0 0.11
L-lle 0 0.08
L-His 0 0.07
L-Trp 0 0.05
L-Leu 0 0
Limestone 1.18 0.93
Dicalcium phosphate 0.45 0.78
Sodium chloride 0.50 0.50
Vitamin and mineral
premix? 0.25 0.25
Total 100.00 100.00

Calculated nutrient
concentration®

NE, kcal/kg 2,580 2,580
CP, % 19.24 14.00
Fermentable fiber, % 11.58 11.58
SID* AA, %
Arg 1.17 0.71
His 0.47 0.37
lle 0.71 0.52
Leu 1.47 1.03
Lys 0.90 0.90
Met® 0.27 0.30
Met + Cys 0.54 0.49
Phe 0.84 0.67
Phe + Tyr 1.38 1.03
Thr 0.61 0.58
Trp 0.21 0.17
Val 0.77 0.79
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Table 4.1. (cont’d)

N 2.63 1.88
Total Ca, %° 0.65 0.65
STTD P, %° 0.23 0.23

1Supplied per kg: NE 2,842 kcal; fermentable fiber 0.05 %; CP 1.00 % (International Ingredient
Corporation, St. Louis, MO).

2Sow micro 5 and Se-yeast PIDX15 (Provimi North America, Inc. Brookville, Ohio).

3Based on nutrient concentrations in feed ingredients according to NRC (2012).

4SID: standardized ileal digestible (NRC, 2012).

SConcentration of Ca and P were based on phytase activity from the premix.
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Table 4.2. Analyzed and calculated concentration of nitrogen (N), total and free essential amino
acids in high crude protein (HCP) and low crude protein (LCP) diets (as-fed)

ltem HCP LCP
Analyzed?! Calculated? Analyzed?! Calculated?

Total, %
N 2.94 3.08 2.17 2.24
Arg 1.20 1.26 0.69 0.78
His 0.49 0.53 0.39 0.43
lle 0.81 0.81 0.56 0.60
Leu 1.58 1.67 1.06 1.19
Lys 1.06 1.04 0.96 1.01
Met 0.27 0.31 0.28 0.33
Met + Cys 0.57 0.63 0.48 0.57
Phe 0.93 0.96 0.69 0.76
Phe + Tyr 1.55 1.59 1.07 1.20
Thr 0.69 0.73 0.62 0.68
Trpd 0.22 0.23 0.16 0.19
Val 0.89 0.90 0.82 0.89

Free AA, %
Arg 0.05 0.00 0.03 0.00
His 0.00 0.00 0.06 0.07
lle 0.01 0.00 0.07 0.08
Leu 0.02 0.00 0.02 0.00
Lys 0.03 0.00 0.33 0.37
Met 0.00 0.00 0.10 0.11
Met + Cys 0.00 0.00 0.10 0.11
Phe 0.01 0.00 0.11 0.13
Phe + Tyr 0.02 0.00 0.12 0.13
Thr 0.01 0.00 0.18 0.20
Trp® - 0.00 - 0.05
Val 0.00 0.00 0.24 0.29

IAnalyzed values represents average across 4 blocks (feed mixes).

2Calculated values for the total AA are based on the AA concentration in feed ingredients
according to NRC (2012), and calculated values for the free AA correspond to the dietary
inclusion rate in crystalline form.

3Analysis of free Trp was not performed.
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Table 4.3. Performance of litter and sow fed high crude protein (HCP) and low crude protein (LCP) diet and exposed to thermal neutral
and heat stress conditions®

ltem Thermal neutral Heat Stress
HCP LCP SEM? P-value HCP LCP SEM? P-value
No. of sows® 6 6 6 6
Parity 3 3 3 4
Wean day 19 18 19 17
Sow ADFI*, kg/d
Overall 6.47 6.01 0.24 0.295 6.47 5.88 0.24 0.185
Early 5.66 5.20 0.24 0.308 5.73 5.43 0.24 0.505
Peak 7.36 6.93 0.24 0.347 7.36 6.83 0.24 0.252
Sow BW, kg
Day 1 217.7 214.0 15.0 0.869 222.0 249.8 15.0 0.220
Day 10 220.2 211.4 13.7 0.669 223.7 247.5 13.7 0.253
Wean 209.7 206.7 14.5 0.878 221.4 237.2 14.5 0.422
Sow BW change?, g/d
Overall -433.6 -426.8 188.5 0.982 -35.6 -790.6 188.5 0.023
Early 120.0 -154.6 128.6 0.177 83.9 -142.8 128.6 0.262
Peak -553.7 -272.2 128.6 0.167 -119.5 -647.81 128.6 0.014
Sow back fat, mm
Day 1 14.4 14.5 2.2 0.974 15.0 15.5 2.2 0.834
Day 10 13.7 13.4 1.8 0.892 14.7 14.6 1.8 0.964
Wean 12.6 11.3 2.0 0.496 13.5 13.8 2.0 0.898
Sow back fat change, mm/d
Overall -0.100 -0.191 0.038 0.246 -0.077 -0.102 0.038 0.749
Early -0.043 -0.074 0.039 0.625 -0.015 -0.055 0.039 0.519
Peak -0.057 -0.118 0.039 0.336 -0.062 -0.047 0.039 0.803
Litter size
Day 1 12 11 12 11
Day 10 11 11 11 11
Wean 11 11 11 10
Piglet daily gain, g/d
Overall 259.7 255.2 34.3 0.849 220.3 230.0 34.3 0.683
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Table 4.3. (cont’d)

Early 251.6 249.0 33.9 0.931 216.7 245.8 33.9 0.341
Peak 268.8 268.2 33.9 0.985 232.2 231.2 33.9 0.975
Litter weight gain, kg/d

Overall 2.94 2.81 0.29 0.650 2.49 2.37 0.29 0.663
Early 291 2.74 0.29 0.631 2.56 2.57 0.29 0.970
Peak 2.98 2.96 0.29 0.962 2.49 2.35 0.29 0.686

!Data are least squares means. Overall: d 1-wean; early: d 1-10; peak: d 10-wean.

2Maximum value of the standard error of the means.

3Two sows were weaned on days 15 (LCP under TN) and 16 (LCP under HS) and their performance data (feed intake, litter weight
gain, piglet ADG for day 10 to weaning) were excluded from the analyses.

“The main effect of lactation stage (early vs. peak) was significant for sow body weight (BW) change and average daily feed intake
(ADFI).

“Within the same diet, environments differed (P < 0.05).

TWithin the same diet, environments tended to differ for BW change at peak lactation (P = 0.052).
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Table 4.4. Body composition of sow fed high crude protein (HCP) and low crude protein (LCP) diet and exposed to thermal neutral and
heat stress conditions®

Thermal neutral Heat Stress
HCP LCP SEM? P-value HCP LCP SEM? P-value
No. of sows® 6 6 6 6
Parity 3 3 3 4
Body protein, %
D1 16.7 16.6 0.3 0.841 16.5 16.6 0.3 0.877
D 10 16.8 16.7 0.3 0.849 16.6 16.7 0.3 0.639
Wean 16.9 17.1 0.3 0.565 16.7 16.8 0.3 0.863
Protein mobilization®, g/d
Overall -38.7 -7.1 29.7 0.560 20.9 -87.51 29.7 0.056
Early 74.8 -0.8 55.0 0.329 42.4 -10.4 55.0 0.540
Peak -161.3 -22.2 55.0 0.116 2.2" -267.9° 55.0 0.005
Protein tissue mobilization*, g/d
Overall -193.5 -35.5 148.5 0.560 104.5 -437.51 148.5 0.056
Early 374.0 -49 275.0 0.329 212.0 -52.0 275.0 0.540
Peak -806.5 -111.0 275.0 0.116 11.0" -1,339.5" 275.0 0.005
Body lipid, %
D1 18.0 18.2 1.8 0.926 19.0 19.7 1.8 0.729
D 10 17.8 17.7 15 0.925 18.9 19.1 15 0.897
Wean 16.8 15.9 1.7 0.572 18.1 18.4 1.7 0.845
Lipid mobilization*, g/d
Overall -206.2 -337.9 64.1 0.296 -105.3 -276.7 64.1 0.179
Early -52.5 -222.1 137.2 0.438 -3.8 -190.6 137.2 0.394
Peak -415.9 -503.5 137.2 0.687 -232.2 -523.1 137.2 0.190
Lipid tissue mobilization®, g/d
Overall -247.4 -405.5 76.9 0.296 -126.4 -332.0 76.9 0.179
Early -63.0 -266.5 164.6 0.438 -4.6 -228.7 164.6 0.394
Peak -499.1 -604.2 164.6 0.687 -278.6 -627.7 164.6 0.190

!Data are least squares means. Overall: d 1-wean; early: d 1-10; peak: d 10-wean.
2Maximum value of the standard error of the means.
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3Two sows were weaned on days 15 (LCP under TN) and 16 (LCP under HS) and their performance data (feed intake, litter weight
gain, piglet ADG for day 10 to weaning) were excluded from the analyses.

“The main effect of lactation stage (early vs. peak) was significant for sow body lipid (tissue) mobilization and body protein (tissue)
mobilization.

“Within the same diet, environments differed (P < 0.05).

TWithin the same diet, environments tended to differ for overall protein (tissue) mobilization (P = 0.072).
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Table 4.5. Milk yield and composition of sows fed high crude protein (HCP) and low crude protein (LCP) diet and exposed to thermal

neutral and heat stress conditions®

Thermal neutral

Heat Stress

HCP LCP SEM? P-value HCP LCP SEM? P-value
No. of sows 6 6 6 6
Early lactation®
Yield, kg/d 9.1 9.1 14 0.987 7.8 9.0 14 0.480
True protein, % 4.04 3.89 0.13 0.532 4.10 3.71 0.13 0.105
Urea-N, mg/dI 12.95 3.93 1.89 <0.001 11.05 2.13 1.89 <0.001
N, % 0.646 0.614 0.020 0.381 0.653 0.583 0.020 0.063
Energy,, kcal/g 110.2 117.5 6.3 0.257 105.1 119.7 6.3 0.032
Lactose, % 5.70 5.64 0.12 0.562 5.58 5.61 0.12 0.811
Fat, % 6.80 7.69 0.67 0.218 6.29 8.04 0.67 0.021
Peak lactation®
Yield, kg/d 13.8 155 14 0.328 12.7 13.2 14 0.763
True protein, % 4.15 3.84 0.13 0.184 3.94 3.68 0.13 0.271
Urea-N, mg/dI 15.55 4.15 1.89 <0.001 11.12 3.47 1.89 <0.001
N, % 0.668 0.606 0.020 0.098 0.629 0.580 0.020 0.189
Energy, kcal/g 112.8 112.3 6.3 0.940 111.8 104.3 6.3 0.244
Lactose, % 5.82 5.86 0.12 0.728 5.62 5.66 0.12 0.732
Fat, % 6.95 7.09 0.67 0.851 7.07 6.41 0.67 0.358

!Data are least squares means.
2Maximum value of the standard error of the means.
3The main effect of lactation stage (early vs. peak) was significant for milk yield.
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Table 4.6. Physiological response of sows fed high crude protein (HCP) and low crude protein (LCP) diet and exposed to thermal
neutral (TN) and heat stress (HS) conditions!

HCP LCP
TN HS SEM P-value TN HS SEM P-value

No. of sows 6 6 6 6
Rectal body temp, °C

0700 38.927 39.109 0.158 0.427 38.991 39.017 0.158 0.906

1300 39.229 39.818 0.158 0.012 39.279 39.653 0.158 0.098

1900 39.315 40.029 0.158 0.003 39.325 39.681" 0.158 0.115
Respiration rate, #/min

0700 25 43 2 <0.001 25 37 2 <0.001

1300 30 76 2 <0.001 30 74 2 <0.001

1900 28 55 2 <0.001 29 517 2 <0.001

!Data are least squares means.
“Diets differed within the same environment (P < 0.05).
TDiets tended to differ within the same environment (P = 0.085).
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Table 4.7. Feed intake and metabolic total heat production (kcal-d**-BW ") of lactating sows fed high crude protein (HCP) and low
crude protein (LCP) diet and exposed to thermal neutral and heat stress conditions®

ltem Thermal Neutral Heat stress
HCP LCP  SEM? P-value HCP LCP SEM? P-value
Number of sows? 6 6 6 6
Feed intake, kg/d*
Day 4 4.96 4.46 - - 5.23 4.83 0.46 0.536
Day 8 6.59 5.70 - - 6.63 5.58 0.46 0.109
Day 14 6.93 6.57 - - 6.97 6.56 0.46 0.524
Day 183 7.26 7.80 - - 7.58 6.93 0.46 0.406
Metabolic total heat production
Nighttime (1900-0700)°
Day 4 134.7 111.3 12.8 0.203 142.8 122.4 10.3 0.092
Day 8 135.8 127.4 12.8 0.645 141.0 128.8 9.9 0.263
Day 14 155.8 137.9 12.8 0.329 149.9 144.3 10.4 0.616
Day 18 146.3 118.0 14.0 0.145 137.1 109.3 9.8 0.013
Average 143.2 124.0 6.6 0.040 145.7 123.1 7.6 0.006
SEM®? 6.84 10.22 14.6 3.9
Contrast® - - - Q, Df
Daytime (0700-1900)°
Day 4 150.0 147.9 12.3 0.873 162.0 161.3 7.2 0.940
Day 8 174.4 163.2 12.3 0.393 165.5 157.4 6.8 0.410
Day 14 186.4 164.1 12.3 0.093 166.7 160.6 6.7 0.529
Day 18 173.2 158.9 13.0 0.301 170.0 130.2 6.7 <0.001
Average 171.0 158.6 9.54 0.065 169.4 149.5 3.5 0.009
SEM®? 6.29 11.71 411 5.3
Contrast® L, Q" Df - - L", Q", D"
Overall 24 h
Day 4 142.3 129.6 11.5 0.377 153.8 141.5 7.1 0.184
Day 8 155.1 145.3 115 0.494 153.0 142.8 6.8 0.259
Day 14 171.1 151.0 11.5 0.165 158.1 152.7 6.7 0.542
Day 18 159.8 138.6 12.4 0.164 153.3 119.5 6.7 <0.001
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Table 4.7. (cont’d)

Average 157.1 141.3 7.7 0.033 157.7 136.5 4.2 0.002
SEM® 5.15 10.96 9.3 2.7
Contrast® - - - QD"

!Data are least squares means.

2Maximum value of the standard error of the means.

30ne LCP sow under TN was missing for calorimetry day 18 and one LCP sow under HS completed calorimetry day 18 from 0700
until 1200.

“Feed intake under TN was fixed and pair fed to counterparts under HS, and thus no SEM and P value were included.

*Metabolic total heat production between nighttime and daytime differs under TN and HS conditions (P < 0.01).

®Linear, quadratic contrast and day effect on total heat production along lactation (d 4, 8, 14 and 18) was performed and represented as
L, Q, and D, respectively.

SStandard error of the means for contrast over days 4, 8, 14 and 18.

“ Within the same diet, environments differed (P < 0.05).

T Within the same diet, environments tended to differ (0.05 < P <0.10).
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Table 4.8. Metabolic total heat production (kcal-d"*BW°) during daytime of lactating sows fed
high crude protein (HCP) and low crude protein (LCP) diet and exposed to thermal neutral and
heat stress conditions?

Thermal Neutral Heat stress
HCP LCP SEM? P-value HCP LCP SEM?  P-value
Day 4
0700° 149.0 1458 12.0 0.840 167.3 153.7 11.3 0.380
0800 151.8 152.3 125 0.975 160.1 161.9 11.3 0.905
0900 138.2 137.7 12.0 0.976 161.5 171.1 11.3 0.534
1000 1449 1394 12.0 0.723 157.0 153.6 11.3 0.824
1100 152.3 1458 12.0 0.677 135.0 151.9 12.3 0.296
1300 1619 168.2 12.0 0.689 160.5 150.6 11.3 0.521
1500 156.4 149.9 12.0 0.677 167.3 146.6 12.4 0.201
1900 1449 145.1 12.0 0.990 156.3 141.0 125 0.344
Day 8
07008 160.7 1448 145 0.419 165.1 136.0 10.7 0.061
0800 179.0 173.6 145 0.784 177.8 162.4 10.7 0.317
0900 163.4 146.5 145 0.389 1711 159.6 10.7 0.454
1000 175.4 159.7 145 0.422 161.0 146.4 10.7 0.345
1100 1725 167.2 145 0.785 165.5 158.4 10.7 0.648
1300 180.4 173.2 145 0.716 168.8 144.2 10.7 0.113
1500 189.4 1775 145 0.544 186.3 157.3 10.7 0.062
1900 174.2 163.1 145 0.570 156.6 170.0 10.7 0.381
Day 14
07008 1948 157.4 13.5 0.042 178.9 166.3 12.1 0.456
0800 1805 167.4 135 0.468 181.8 185.9 12.1 0.810
0900 175.8 1575 13.5 0.311 176.2 158.8 12.1 0.307
1000 179.6 155.8 135 0.189 1774  146.8 12.1 0.076
1100 176.8 165.9 13.5 0.546 181.2 167.6 12.1 0.422
1300 188.9 160.2 135 0.116 141.6 148.6 12.1 0.692
1500 205.7 189.6 13.5 0.375 173.5 168.7 12.1 0.780
1900 188.6 158.7 135 0.101 167.1 160.3 12.1 0.688
Day 18
07008 1775 159.8 17.0 0.430 176.0 148.1 125 0.118
0800 1919 165.9 17.0 0.246 182.9 132.0 12.5 0.005
0900 160.7 150.8 17.0 0.659 157.2 126.0 125 0.080
1000 1526 131.7 17.0 0.350 155.2 108.6 12.5 0.010
1100 162.2 151.7 17.0 0.640 173.2 119.8 125 0.004
1300 1755 1575 17.0 0.421 203.1 132.6 13.6 0.001
1500 192.0 1728 17.0 0.391 187.7 127.0 13.6 0.006
1900 173.3 149.1 17.0 0.279 164.0 139.6 13.6 0.227

!Data are least squares means.
2Maximum value of the standard error of the means.
3Total heat production before first morning meal.
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Figure 4.1. Vaginal temperature of sows fed high crude protein (HCP) and low crude protein (LCP)
diet and exposed to thermal neutral (TN) and heat stress (HS) environments. Within the same
environment (TN or HS), diets (LCP vs. HCP) differed (P < 0.01). Within the same diet (HCP or
LCP), environments (HS vs. TN) differed (P < 0.01). Standard error of the mean, SEM = 0.183.
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CHAPTER 5

SUMMARY AND CONCLUSIONS

Lactation demand on sows is continually increasing because of larger litter size at birth due
to genetic selection. In addition, voluntary feed intake is limited relative to lactation demand.
These challenges are compounded by increasing environmental regulations aimed at decreasing
carbon and ammonia emissions, and rising environmental temperatures. Therefore efforts to
improve N and energy utilization in lactating sows are of increasing importance. Prior work
showed that feeding reduced protein with improved AA profile improves N utilization efficiency
and mitigates urinary N excretion and ammonia emissions (Chamberlin et al., 2015; Huber et al.,
2015). In this dissertation, a low CP diet was formulated to attain the minimum Leu requirement
and a Leu:Lys of 1.14. To this, supplemental crystalline AA were added to create a NIAA profile.
This diet was designed to estimate novel MBEV of individual EAA, assess the impact on energy
efficiency and generate new energy efficiency estimates. Maximum biological efficiency values
of individual EAA and associated energy efficiency are needed for future prediction of AA and
energy requirements. In addition, two potential mechanisms behind the improvement in AA and
energetic efficiency were addressed. First, whether the presence of high concentration of Leu
relative to Lys (i.e., 1.63) in a typical corn and soybean meal-based, non-reduced CP diet, impacts
Lys and energy efficiency. The premise of this first research question was based on previous work
in our laboratory indicating that Leu affected Lys extraction by the mammary gland (Guan et al.,
2002 and 2004; Manjarin et al., 2011 and 2012). Second, whether the presence of surplus or excess
AA in a typical corn and soybean meal-based, non-reduced CP diet is associated with lower AA
and energy efficiency due to heat production associated with deamination and N excretion. The

premise for this second question was based on reported reduction in heat production in growing
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pigs fed reduced CP diets and theoretical estimates of heat associated with AA deamination,
ammoniagenesis and urea synthesis (Zhang and Trottier, 2019).

The overarching hypothesis of this dissertation was that feeding a reduced CP diet with
NIAA and Leu:Lys of 1.14 improves the dietary EAA and energy utilization efficiency, and
reduces metabolic heat associated with lactation in sows, compared to feeding a non-reduced CP
diet with Leu:Lys of 1.63, formulated to meet SID Lys with feed ingredients as the sole source of
Lys. Thus, 3 diets were used to determine the efficiency of individual EAA and energy, and to
measure the metabolic heat production of lactating sows: 1) a non-reduced CP diet containing
18.75% CP (CON), 2) a reduced CP diet containing 13.75% CP and NIAA profile (OPT) and 3)
the same as OPT but with added Leu to mimic Leu:Lys in CON diet. In chapter 2, it was
hypothesized that feeding a reduced CP diet with near ideal amino acid profile (NIAA) and
Leu:Lys of 1.14 improves the dietary N and EAA utilization efficiency for milk production in part
as a result of reduced dietary Leu concentration. Results indicated that reducing CP with a NIAA
profile to attain the minimum Leu requirement (Leu:Lys = 1.14) maintained overall lactation
performance, improved utilization efficiency of N (79.1%), Arg (61.1%), His (78.3%), lle (65.4%),
Leu (75.1%), Met + Cys (78.2%), Phe (53.4%), Phe + Tyr (69.5%) and Trp (70.1%) and
maximized the efficiency of Lys (63.2%), Met (67.9%), Thr (71.0%) and Val (57.0%) for milk
production over a 21-day lactation period. Adding Leu to the NIAA diet to mimic the Leu:Lys of
1.63 of the CON diet showed that Leu did not impact the efficiency of Lys or other EAA. This
study provided revised and novel MBEV of EAA, which can be used to more accurately predict
requirement for those AA during lactation. In Chapter 3, it was hypothesized that feeding a
reduced CP diet with near ideal amino acid profile (NIAA) and Leu:Lys of 1.14 improves the

dietary energy utilization efficiency, and reduces metabolic heat associated with lactation in part
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as a result of reduced dietary Leu concentration. Results indicated that feeding the same NIAA
diet (Leu:Lys = 1.14) led to reduced urinary energy excretion and greater energy utilization. It
was suggested that the greater energy utilization was due to less urinary energy and estimated
metabolic heat loss associated with reduced AA oxidation. Results also indicated that the NIAA
diet elicited greater energy deposition into milk at the expense of maternal lipid mobilization.
Adding Leu to the NIAA diet to mimic CON Leu:Lys of 1.63reduced dietary energy utilization.
The data point to a potential mechanism whereby supplemental Leu is directing dietary energy
away from the mammary gland and towards maternal pool. Leucine is known to stimulate anabolic
process of body protein (Norton et al., 2012; Wilkinson et al., 2013). In addition, the NIAA diet
lowered the estimated heat production associated with lactation during peak lactation, suggesting
the potential of alleviating HS by feeding NIAA diet. Therefore, Chapter 4 focused on indirect
calorimetry measurement of total heat production in sows fed CON and NIAA diets exposed to
TN and HS environments. Feeding NIAA diet alleviated the increased body temperature observed
in sows under HS and the associated RR. The NIAA diet also reduced THP at day 18 of lactation,
which is in the periphery of the peak lactation period, in sows housed under HS environment.
Throughout the studies, the NIAA diet led to either higher BL loss under TN, or higher BP loss
under HS. The former may be attributed to greater energy requirement for sows fed NIAA when
housed under TN environment because of the potential for higher milk yield. Regarding the later,
AA requirements of lactating sows exposed to HS should be re-evaluated. It is possible that HS
increases muscle protein catabolism (Wheelock et al., 2010; Pearce et al., 2013; Rhoads et al.,
2013) and AA oxidative processes (Campos et al., 2014), thus increasing AA requirements.
Therefore it is possible that the NIAA diet formulated was limiting in one or several AA for

maternal PB retention. The long term consequences of BL or BP losses over multiple parities is
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unknown. In the short term, diets with NIAA profile that maximize maternal body protein and
lipid mobilization need to be designed and tested in order to implement such nutritional strategy
over multiple parities.

Feeding lactating sows with a reduced CP diet and crystalline AA supplementation to attain
NIAA profile improved efficiency of individual EAA and energy utilization, and mitigate the
impacts of HS on lactating sows through less metabolic heat. This study provided revised and
novel MBEV for individual EAA, which is the key to designing nutritional models for prediction
of AA requirement. Results of this dissertation emphasize the potential benefits of feeding low
protein diets, including maximizing production efficiency, improving welfare of lactating sows

under global warming and potentially mitigating the carbon footprint.
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Table Al. Water balance in sows fed Control (CON; 18.74 %), Optimal (OPT; 13.78%) or Optimal + Leucine (OPTLEU; 14.25%)
diets between day 4 and 8 of lactation (early lactation) and between day 14 and 18 of lactation (peak lactation)*

Diet P-Value
Item SEM? OPT vs OPT LEU OPTLEU
CON OPT OPTLEU CON vs. CON vs. OPT

Early lactation (day 4-7)

Number of sows 12 11 11
Body weight, kg 245 256 246 7 0.440 0.994 0.493
Water intake from feed, kg/d 0.622 0.582 0.585 0.034 0.489 0.537 0.997
Water retained in the body, kg/d 0.112 -0.061 0.144 0.107 0.170 0.934 0.075
Water output in milk, kg/d 8.242 8.279 8.879 0.794 0.999 0.764 0.790
Water output in feces, kg/d 1.117 1.350 1.547 0.132 0.436 0.074 0.552
Water output in urine, kg/d 10.674 4.669 5.553 1.661 0.040 0.089 0.922
Estimated water intake, kg/d 19.177 13.861 15.651 1.871 0.126 0.384 0.772
Fecal DM, %?° 32.15 28.48 27.96 0.67 0.001 <0.001 0.839

Peak lactation (day 14-17)

Number of sows 11 11 11
Body weight, kg 249 249 250 7 0.999 0.998 0.996
Water intake from feed, kg/d 0.815" 0.794" 0.756" 0.034 0.831 0.234 0.525
Water retained in the body, kg/d 0.112 -0.061 0.144 0.107 0.170 0.934 0.075
Water output in milk, kg/d 10.907" 13.026" 11.319" 0.798 0.073 0.896 0.167
Water output in feces, kg/d 1.542" 1.859" 2.155" 0.132 0.228 0.008 0.268
Water output in urine, kg/d 13.100" 5.633 6.183 1.675 0.010 0.017 0.969
Estimated water intake, kg/d 24563°  19.892°  18.722°  1.891 0.199 0.087 0.895
Fecal DM, %° 32.15 28.48 27.96 0.67 0.001 <0.001 0.839

!Data are least squares means.

2Maximum value of the standard error of the means.

3Fecal samples were collected on day 10 of lactation.

“Main effect of period (early and late) was significant (P < 0.05).
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Figure B1. Body protein and lipid tissue mobilization of lactating sows fed high crude protein
(HCP) and low crude protein (LCP) diet and exposed to thermal neutral and heat stress conditions.
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Table B1. Metabolic oxygen (O2) consumption (L-d"**BW7) of lactating sows fed high crude
protein (HCP) and low crude protein (LCP) diet and exposed to thermal neutral and heat stress

conditions?
Thermal Neutral Heat stress

HCP LCP SEM? P-value HCP LCP SEM? P-value
Nighttime®
Day4 2549 20.02 2.77 0.171 27.89 25.09 2.05 0.254
Day8 25.49 23.33 2.77 0.585 27.85 24.46 1.74 0.134
Day 14 29.81 25.49 2.77 0.277 28.44 26.70 1.77 0.444
Day 18 27.07 21.43 2.77 0.178 25.70 20.27 1.74 0.017
Daytime
Day4 29.64 29.38 2.33 0.910 31.73 31.56 1.49 0.932
Day8 34.56 32.40 2.33 0.397 32.88 31.45 1.33 0.459
Day 14 37.32 31.80 2.33 0.036 32.73 31.26 1.36 0.436
Day 18 34.30 31.19 2.33 0.254 33.31 25.62 1.34 <0.001
24 h
Day4 27.48 24.62 2.25 0.321 30.12 28.26 1.46 0.319
Day8 29.98 27.91 2.25 0.485 30.05 27.93 1.31 0.248
Day 14 33.52 28.68 2.25 0.095 30.65 29.28 1.34 0.440
Day 18 30.84 26.09 2.25 0.122 29.49 22.75 1.32 0.001

!Data are least squares means.
2Maximum value of the standard error of the means.
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Table B2. Metabolic carbon dioxide (CO.) production (L-d"**BW") of lactating sows fed high
crude protein (HCP) and low crude protein (LCP) diet and exposed to thermal neutral and heat
stress conditions?

Thermal Neutral Heat stress

HCP LCP SEM? P-value HCP LCP SEM? P-value
Nighttime®
Day4 29.52 28.23 2.98 0.748 28.70 21.68 3.63 0.046
Day8 31.25 30.82 2.98 0.915 28.62 28.97 3.28 0.909
Day 14 33.84 32.55 2.98 0.748 32.81 34.69 3.32 0.556
Day 18 34.85 29.67 2.98 0.226 30.96 26.17 3.29 0.124
Daytime
Day4 29.66 28.94 2.90 0.805 32.61 32.75 1.72 0.948
Day8 33.98 31.97 2.90 0.490 31.94 30.06 1.54 0.398
Day 14 35.57 34.13 2.90 0.621 32.97 32.25 1.57 0.743
Day 18 33.84 31.84 2.90 0.513 34.08 26.02 1.54 <0.001
24 h
Day4 29.38 28.51 2.69 0.783 31.02 27.50 1.92 0.113
Day8 32.69 31.25 2.69 0.647 30.01 29.57 1.77 0.836
Day 14 34.71 33.26 2.69 0.647 32.89 33.00 1.80 0.960
Day 18 34.27 31.03 2.69 0.329 32.60 26.20 1.78 0.004

!Data are least squares means.
2Maximum value of the standard error of the means.
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Table B3. Respiratory quotient (RQ) of lactating sows fed high crude protein (HCP) and low crude
protein (LCP) diet and exposed to thermal neutral and heat stress conditions!
Thermal Neutral Heat stress
HCP LCP  SEM?  P-value HCP LCP SEM?  P-value

Nighttime

Day 4 1.24 1.45 0.12 0.229 1.00 0.86 0.13 0.287
Day 8 1.29 1.36 0.12 0.709 1.04 1.22 0.11 0.156
Day 14 1.15 1.32 0.12 0.306 1.16 1.31 0.11 0.254
Day 18 1.30 1.41 0.12 0.525 1.20 1.34 0.11 0.247
Daytime

Day 4 1.01 1.01 0.04 0.940 1.06 1.05 0.03 0.700
Day 8 0.98 1.02 0.04 0.443 0.97 0.96 0.03 0.688
Day 14 0.96 1.08 0.04 0.011 1.01 1.03 0.03 0.438
Day 18 1.00 1.03 0.04 0.673 1.03 1.03 0.03 0.921
24 h

Day 4 1.12 1.23 0.06 0.218 1.05 0.96 0.05 0.185
Day 8 1.14 1.19 0.06 0.553 1.01 1.09 0.05 0.200
Day 14 1.05 1.20 0.06 0.081 1.08 1.14 0.05 0.365
Day 18 1.15 1.22 0.06 0.449 1.11 1.19 0.05 0.259

1Data are least squares means.
2Maximum value of the standard error of the means.
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Table B4. Metabolic oxygen (O2) consumption during daytime of lactating sows fed high crude
protein (HCP) and low crude protein (LCP) diet and exposed to thermal neutral and heat stress
conditions?

Thermal Neutral Heat stress
HCP LCP SEM? P-value HCP LCP SEM? P-value
Day 4
0700° 29.81 30.80 2.53 0.747 32.62 30.81 3.02 0.655
0800 29.66 31.31 2.53 0.595 31.18 29.93 3.02 0.757
0900 27.22 29.63 2.53 0.437 30.61 33.77 3.02 0.438
1000 28.66 29.56 2.53 0.771 31.03 31.08 3.02 0.991
1100 30.09 28.49 2.53 0.603 29.96 29.64 3.02 0.937
1300 31.82 35.35 2.53 0.258 30.74 26.66 3.02 0.316
1500 31.10 28.93 2.53 0.483 32.45 29.40 341 0.484
1900 2851 29.44 2.70 0.774 21.77 28.57 3.41 0.123
Day 8
0700° 32.40 27.93 3.03 0.262 33.28 26.69 2.24 0.045
0800 35.57 34.41 3.03 0.771 35.44 32.60 2.24 0.378
0900 31.97 28.23 3.03 0.346 34.15 31.01 2.24 0.332
1000 34.85 31.82 3.03 0.446 31.70 28.85 2.24 0.378
1100 34.13 33.26 3.03 0.827 32.85 31.44 2.24 0.662
1300 35.57 34.41 3.03 0.771 33.86 28.85 2.24 0.124
1500 37.58 36.14 3.03 0.717 37.03 31.59 2.24 0.096
1900 34.27 32.55 3.03 0.663 31.55 34.61 2.24 0.344
Day 14
0700° 39.60 30.82 2.73 0.015 36.63 32.88 2.56 0.298
0800 35.71 32.98 2.73 0.437 35.92 36.90 2.56 0.783
0900 34.99 30.53 2.73 0.207 34.33 30.85 2.56 0.336
1000 35.71 29.95 2.73 0.105 35.34 28.69 2.56 0.069
1100 34.99 32.40 2.73 0.461 35.92 32.73 2.56 0.378
1300 38.02 31.54 2.73 0.069 27.85 29.46 2.56 0.665
1500 40.61 36.87 2.73 0.289 34.33 33.45 2.56 0.806
1900 37.58 30.09 2.73 0.037 32.89 31.29 2.56 0.657
Day 18
0700° 36.29 32.25 3.63 0.390 35.42 29.51 2.61 0.115
0800 38.59 32.73 3.63 0.213 36.14 25.92 2.61 0.008
0900 31.25 28.79 3.63 0.600 30.66 25.34 2.61 0.154
1000 29.66 26.06 3.63 0.443 30.38 20.87 2.61 0.013
1100 31.54 30.52 3.63 0.828 33.98 23.61 2.61 0.007
1300 34.56 31.20 3.63 0.475 40.38 26.28 2.84 0.001
1500 38.45 34.64 3.63 0.417 36.94 24.88 2.85 0.009
1900 33.98 29.93 3.63 0.388 31.95 27.648 2.86 0.310

1Data are least squares means.
2Maximum value of the standard error of the means.
3Prior to morning feeding at 0700
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Table B5. Metabolic carbon dioxide (CO2) production (L-d**-BW®) during daytime of lactating
sows fed high crude protein (HCP) and low crude protein (LCP) diet and exposed to thermal
neutral and heat stress conditions?

Thermal Neutral Heat stress

HCP LCP SEM?  P-value HCP LCP SEM?  P-value

Day 4
0700° 28.66 27.10 2.75 0.626 32.92 30.13 2.34 0.379
0800 30.82 29.33 2.75 0.643 33.63 35.45 2.34 0.565
0900 27.36 29.50 2.75 0.506 33.09 36.18 2.34 0.333
1000 28.94 27.79 2.75 0.718 30.92 29.83 2.34 0.731
1100 30.39 29.18 2.75 0.706 32.26 31.42 2.53 0.799
1300 32.40 30.87 2.75 0.633 32.22 32.14 2.34 0.981
1500 30.53 30.40 2.75 0.968 33.44 29.98 2.55 0.299
1900 2851 29.78 2.86 0.699 31.80 27.82 2.57 0.235
Day 8
0700 29.38 30.39 2.94 0.780 31.20 27.06 2.23 0.198
0800 34.71 33.12 2.94 0.661 35.09 30.08 2.23 0.121
0900 32.69 31.10 2.94 0.661 32.63 33.26 2.23 0.847
1000 33.98 30.82 2.94 0.382 32.20 28.94 2.23 0.308
1100 34.13 31.82 2.94 0.524 32.50 30.80 2.23 0.597
1300 36.14 33.41 2.94 0.450 31.92 26.48 2.23 0.093
1500 36.57 32.40 2.94 0.251 35.66 29.07 2.23 0.043
1900 34.99 30.96 2.94 0.267 29.47 30.52 2.23 0.743
Day 14
0700° 35.42 31.68 2.93 0.302 32.58 32.70 2.26 0.969
0800 35.14 33.70 2.93 0.689 36.61 36.59 2.26 0.995
0900 33.98 33.41 2.93 0.873 36.32 32.56 2.26 0.239
1000 34.27 33.55 2.93 0.842 34.59 30.26 2.26 0.175
1100 34.27 34.27 2.93 1.000 35.46 34.15 2.26 0.678
1300 35.42 31.54 2.93 0.284 28.40 29.53 2.26 0.722
1500 40.03 39.60 2.93 0.904 34.74 33.13 2.26 0.613
1900 36.57 35.28 2.93 0.719 33.73 32.56 2.26 0.712
Day 18
0700° 31.54 30.27 3.36 0.761 33.85 28.43 2.31 0.102
0800 35.71 33.85 3.36 0.653 36.59 27.13 2.31 0.005
0900 32.83 31.19 3.36 0.691 32.56 23.53 2.31 0.008
1000 31.68 27.57 3.36 0.323 31.69 23.24 2.31 0.012
1100 33.26 31.58 3.36 0.683 35.01 23.82 2.31 0.001
1300 34.56 32.44 3.36 0.610 38.02 27.03 2.50 0.004
1500 36.43 34.69 3.36 0.674 37.23 26.87 2.52 0.007
1900 34.85 29.19 3.36 0.175 33.69 28.50 2.52 0.167

1Data are least squares means.
2Maximum value of the standard error of the means.
3Prior to morning feeding at 0700
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Table B6. Respiratory quotient (RQ) during daytime of lactating sows fed high crude protein (HCP)
and low crude protein (LCP) diet and exposed to thermal neutral and heat stress conditions?
Thermal Neutral Heat stress
HCP  LCP SEM?  P-value HCP  LCP SEM?  P-value

Day 4
0700°  0.97 0.89 0.05 0.244 1.07 1.00 0.05 0.284
0800 1.04 0.93 0.05 0.120 1.08 1.15 0.05 0.277
0900 1.01 1.01 0.05 0.999 1.07 1.10 0.05 0.553
1000 1.02 0.95 0.05 0.331 1.00 1.01 0.05 0.945
1100 1.01 1.03 0.05 0.804 1.05 1.06 0.05 0.846
1300 1.02 0.88 0.05 0.046 1.04 1.11 0.05 0.230
1500 0.99 1.05 0.05 0.418 1.06 1.05 0.06 0.896
1900 0.99 1.00 0.06 0.962 1.02 1.00 0.07 0.732
Day 8
0700®°  0.89 1.21 0.09 0.014 0.94 1.02 0.04 0.131
0800 0.97 0.95 0.09 0.868 1.00 0.92 0.04 0.134
0900 1.01 1.25 0.09 0.064 0.96 1.06 0.04 0.073
1000 0.97 0.96 0.09 0.925 1.01 1.00 0.04 0.759
1100 1.00 0.95 0.09 0.661 0.98 0.97 0.04 0.787
1300 1.02 0.97 0.09 0.711 0.95 0.91 0.04 0.504
1500 0.97 0.90 0.09 0.593 0.96 0.92 0.04 0.524
1900 1.02 0.95 0.09 0.588 0.95 0.91 0.04 0.480
Day 14
0700°  0.90 1.04 0.04 0.018 0.93 1.01 0.03 0.114
0800 0.98 1.04 0.04 0.287 1.02 1.00 0.03 0.675
0900 0.97 1.10 0.04 0.036 1.05 1.06 0.03 0.857
1000 0.95 1.13 0.04 0.004 0.99 1.06 0.03 0.128
1100 0.98 1.07 0.04 0.115 0.98 1.06 0.03 0.119
1300 0.94 1.03 0.04 0.101 1.02 1.01 0.03 0.821
1500 0.98 1.09 0.04 0.066 1.01 1.00 0.03 0.764
1900 0.98 1.18 0.04 0.001 1.02 1.06 0.03 0.486
Day 18
0700®°  0.97 0.94 0.06 0.735 0.97 0.96 0.04 0.853
0800 0.92 1.05 0.06 0.109 1.02 1.07 0.04 0.468
0900 1.05 1.06 0.06 0.843 1.07 0.96 0.04 0.088
1000 1.06 1.04 0.06 0.796 1.06 1.12 0.04 0.317
1100 1.05 1.03 0.06 0.836 1.04 1.02 0.04 0.690
1300 0.99 1.07 0.06 0.371 0.95 1.02 0.05 0.322
1500 0.95 0.99 0.06 0.670 1.00 1.12 0.05 0.131
1900 1.04 0.96 0.06 0.300 1.06 1.03 0.05 0.658

!Data are least squares means.
2Maximum value of the standard error of the means.
3Prior to morning feeding at 0700
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Table B7. Metabolic total heat production (kcal-d-BW") of lactating sows with litters fed high
crude protein (HCP) and low crude protein (LCP) diet and exposed to thermal neutral and heat
stress conditions?

Thermal Neutral Heat stress

HCP LCP SEM? P-value HCP LCP SEM?  P-value
Nighttime
Day 4 160.8 138.0 125 0.176 166.1 139.7 11.0 0.033
Day 8 1711 162.0 125 0.583 173.5 157.7 9.6 0.152
Day 14 199.0 185.0 125 0.403 195.1 183.8 9.8 0.322
Day 18 202.1 1754 125 0.133 188.4 174.5 9.8 0.201
Daytime
Day 4 1747 1728 12.2 0.859 185.5 175.4 7.4 0.314
Day 8 205.0 193.7 12.2 0.334 196.8 183.4 6.7 0.167
Day 14 2246 2074 12.2 0.144 209.8 198.2 6.7 0.227
Day 18 2239 208.6 12.7 0.216 216.2 192.2 6.7 0.015
24 h
Day 4 167.8 155.3 115 0.343 177.8 157.2 1.7 0.036
Day 8 188.2 177.8 115 0.435 185.0 170.2 7.0 0.117
Day 14 211.7 196.1 115 0.236 202.3 191.5 7.2 0.239
Day 18 213.1 1922 12.2 0.134 202.3 183.1 7.0 0.044

!Data are least squares means.
2Maximum value of the standard error of the means.
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Table B8. Metabolic oxygen (O2) consumption (L-d**BW") of lactating sows with litters fed
high crude protein (HCP) and low crude protein (LCP) diet and exposed to thermal neutral and
heat stress conditions?

Thermal Neutral Heat stress

HCP LCP SEM? P-value HCP LCP SEM? P-value
Nighttime®
Day4 31.10 25.77 2.58 0.140 32.99 28.66 1.92 0.092
Day8 32.98 30.39 2.58 0.468 34.12 30.23 1.82 0.098
Day 14 38.73 35.71 2.58 0.397 38.18 35.43 1.96 0.245
Day 18 39.03 33.60 2.81 0.152 36.61 33.96 1.80 0.242
Daytime
Day4 34.85 34.56 2.34 0.901 36.15 34.91 1.52 0.533
Day8  40.89 38.59 2.34 0.321 39.17 36.83 1.35 0.238
Day 14 44.93 41.33 2.34 0.124 41.75 39.36 1.39 0.215
Day 18 44.93 41.45 2.45 0.156 43.09 38.47 1.36 0.020
24 h
Day4  32.83 30.09 2.28 0.302 34.69 31.58 1.56 0.125
Day8 37.01 34.56 2.28 0.355 36.78 33.45 1.40 0.095
Day 14 41.76 38.73 2.28 0.255 39.85 37.68 1.43 0.260
Day 18 41.90 37.74 2.43 0.137 40.00 36.04 1.41 0.044

!Data are least squares means.
2Maximum value of the standard error of the means.
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Table B9. Metabolic carbon dioxide (CO2) production (L-d*-BW7°) of lactating sows with litters
fed high crude protein (HCP) and low crude protein (LCP) diet and exposed to thermal neutral and
heat stress conditions®

Thermal Neutral Heat stress

HCP LCP SEM? P-value HCP LCP SEM? P-value
Nighttime®
Day4 33.71 32.11 2.73 0.659 31.88 23.98 3.08 0.014
Day8 36.14 36.31 2.73 0.962 34.59 33.27 2.99 0.640
Day 14 40.88 38.29 2.73 0.475 40.18 39.48 3.11 0.807
Day 18 43.09 38.19 2.96 0.201 39.10 36.28 2.96 0.311
Daytime
Day4 3391 32.29 2.70 0.534 35.07 34.40 1.55 0.747
Day8 38.66 37.20 2.70 0.574 37.90 34.35 1.39 0.083
Day 14 42.32 39.67 2.70 0.313 40.29 37.39 1.42 0.146
Day 18 42.32 40.04 2.82 0.406 41.57 36.21 1.40 0.009
24 h
Day4  33.80 32.18 2.53 0.568 33.75 29.25 1.77 0.030
Day8 37.39 36.76 2.53 0.822 36.19 33.83 1.63 0.230
Day 14 41.60 38.98 2.53 0.356 40.13 37.97 1.66 0.264
Day 18 42.70 39.13 2.68 0.233 40.28 36.23 1.64 0.040

!Data are least squares means.
2Maximum value of the standard error of the means.
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Table B10. Respiratory quotient (RQ) of lactating sows with litters fed high crude protein (HCP)
and low crude protein (LCP) diet and exposed to thermal neutral and heat stress conditions?
Thermal Neutral Heat stress
HCP LCP  SEM?  P-value HCP LCP SEM?  P-value

Nighttime

Day 4 1.14 1.25 0.07 0.260 0.95 0.83 0.08 0.217
Day 8 1.11 1.21 0.07 0.327 1.02 1.11 0.08 0.276
Day 14 1.06 1.08 0.07 0.774 1.06 1.12 0.08 0.506
Day 18 1.11 1.14 0.08 0.733 1.07 1.08 0.08 0.841
Daytime

Day 4 0.98 0.93 0.02 0.124 0.96 1.00 0.02 0.131
Day 8 0.94 0.98 0.02 0.178 0.97 0.94 0.02 0.209
Day 14 0.94 0.96 0.02 0.444 0.96 0.95 0.02 0.464
Day 18 0.95 0.96 0.02 0.735 0.97 0.94 0.02 0.303
24 h

Day 4 1.06 1.09 0.04 0.504 0.95 0.92 0.04 0.534
Day 8 1.02 1.09 0.04 0.180 0.99 1.03 0.03 0.415
Day 14 1.00 1.02 0.04 0.614 1.01 1.01 0.03 0.912
Day 18 1.03 1.05 0.04 0.671 1.01 1.01 0.03 0.978

1Data are least squares means.
2Maximum value of the standard error of the means.
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Table B11. Metabolic total heat production (kcal:d*BW7°) during daytime of lactating sows
with litters fed high crude protein (HCP) and low crude protein (LCP) diet and exposed to thermal
neutral and heat stress conditions?

Thermal Neutral Heat stress
HCP LCP SEM? P-value HCP LCP SEM?  P-value
Day 4
0700° 173.8 169.4 12.1 0.757 187.9 168.2 10.6 0.175
0800 176.4 174.2 12.4 0.875 181.3 175.7 10.6 0.700
0900 164.1 173.3 12.4 0.523 182.7 184.0 10.6 0.927
1000 1704 163.8 12.1 0.640 178.3 167.8 10.6 0.466
1100 177.0 1695 12.1 0.595 172.4 166.3 12.7 0.704
1300 185.7 190.1 12.1 0.755 181.7 165.2 10.6 0.257
1500 180.7 173.3 12.1 0.598 187.3 161.5 11.5 0.091
1900 1704 169.0 12.1 0.919 1774  156.2 115 0.164
Day 8
07008 1932 177.1 14.2 0.362 195.3 163.7 9.9 0.029
0800 209.0 202.8 14.2 0.724 207.1 187.7 9.9 0.174
0900 1952 179.2 14.2 0.363 201.0 185.2 9.9 0.267
1000 206.0 190.6 14.2 0.380 192.0 173.5 9.9 0.194
1100 203.4 197.0 14.2 0.716 195.8 184.0 9.9 0.406
1300 2104 202.9 14.2 0.672 198.7 171.4 9.9 0.058
1500 218.2 206.6 14.2 0.510 216.4  183.1 9.9 0.022
1900 205.0 193.6 14.2 0.519 1954 1943 9.9 0.940
Day 14
07008 2316 2014 13.1 0.063 2205 203.7 10.9 0.276
0800 2195 209.7 13.1 0.538 223.6  220.7 10.9 0.852
0900 2158 201.9 13.1 0.385 218.5 197.0 10.9 0.164
1000 219.1 200.2 13.1 0.239 219.2 186.7 10.9 0.037
1100 2165 208.9 13.1 0.633 223.0 2043 10.9 0.226
1300 227.0 2045 13.1 0.162 188.8 188.4 10.9 0.982
1500 2408 2294 13.1 0.476 2165 205.6 10.9 0.476
1900 226.4 2025 13.1 0.138 210.8 198.2 10.9 0.413
Day 18
07008 227.0 2094 15.2 0.345 221.8 207.0 10.8 0.337
0800 2386 214.2 15.2 0.192 227.3 193.7 10.8 0.033
0900 213.8 1985 15.2 0.411 205.7 188.9 10.8 0.279
1000 2074 1865 15.2 0.263 204.0 174.1 10.8 0.056
1100 2154 2034 15.2 0.517 219.1 183.3 10.8 0.023
1300 2258 207.7 15.2 0.333 244.8 193.9 11.7 0.004
1500 239.3 2196 15.2 0.291 231.7 188.1 11.7 0.021
1900 2236 200.4 15.2 0.214 212.3  200.2 11.7 0.486

!Data are least squares means.
2Maximum value of the standard error of the means.
3Total heat production before first morning meal.
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Table B12. Metabolic oxygen (O2) consumption during daytime of lactating sows with litters fed
high crude protein (HCP) and low crude protein (LCP) diet and exposed to thermal neutral and
heat stress conditions?

Thermal Neutral Heat stress
HCP LCP SEM?  P-value HCP LCP SEM? P-value
Day 4
0700° 34.71 34.41 2.48 0.921 37.64 33.64 2.41 0.224
0800 34.71 35.09 2.57 0.898 35.86 34.08 2.41 0.584
0900 32.40 34.60 2.57 0.462 36.34 36.09 2.41 0.940
1000 33.84 32.98 2.48 0.767 35.86 33.64 2.41 0.500
1100 35.14 33.84 2.48 0.657 27.70 32.92 2.41 0.115
1300 36.87 38.73 2.48 0.521 35.93 32.49 2.41 0.296
1500 35.86 34.27 2.48 0.587 37.23 32.20 2.63 0.147
1900 33.84 33.70 2.48 0.961 35.08 31.34 2.64 0.279
Day 8
0700° 39.46 34.71 2.92 0.194 39.13 32.44 2.05 0.026
0800 41.90 40.61 2.92 0.722 41.01 37.91 2.05 0.294
0900 38.88 35.14 2.92 0.305 40.14 36.62 2.05 0.233
1000 41.47 38.16 2.92 0.364 37.83 34.60 2.05 0.273
1100 40.46 39.60 2.92 0.812 38.85 36.62 2.05 0.449
1300 41.76 40.61 2.92 0.751 39.56 34.74 2.05 0.105
1500 43.78 41.76 2.92 0.580 43.02 37.05 2.05 0.046
1900 40.75 38.59 2.92 0.553 39.13 39.64 2.05 0.863
Day 14
0700° 46.94 40.46 2.61 0.044 44,73 40.87 2.28 0.233
0800 43.63 42.05 2.61 0.613 44.44 44,18 2.28 0.937
0900 43.20 39.89 2.61 0.293 43.14 39.29 2.28 0.233
1000 43.78 39.74 2.61 0.202 43.72 37.41 2.28 0.053
1100 43.35 41.47 2.61 0.551 44.30 40.73 2.28 0.269
1300 45.79 41.33 2.61 0.159 37.52 37.64 2.28 0.973
1500 48.10 4551 2.61 0.410 43.00 41.30 2.28 0.598
1900 45.21 39.89 2.61 0.094 41.56 39.43 2.28 0.508
Day 18
0700° 46.22 42.25 3.16 0.308 44.45 41.90 2.28 0.430
0800 48.24 42.65 3.16 0.153 45.32 38.59 2.28 0.041
0900 42.34 39.30 3.16 0.435 40.56 38.15 2.28 0.456
1000 41.04 37.13 3.16 0.315 40.43 34.56 2.28 0.073
1100 42.77 40.74 3.16 0.601 43.45 36.86 2.28 0.045
1300 45.07 41.45 3.16 0.352 49.23 38.86 2.46 0.006
1500 48.10 43.79 3.16 0.269 46.17 37.14 2.47 0.023
1900 44.35 40.11 3.16 0.276 42.16 40.14 2.47 0.579

1Data are least squares means.
2Maximum value of the standard error of the means.
3Prior to morning feeding at 0700
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Table B13. Metabolic carbon dioxide (CO2) production (L-d’*-BW"®) during daytime of lactating
sows with litters fed high crude protein (HCP) and low crude protein (LCP) diet and exposed to
thermal neutral and heat stress conditions?
Thermal Neutral Heat stress
HCP LCP SEM? P-value HCP LCP SEM?  P-value

Day 4
0700° 32.83 30.24 2.44 0.375 35.73 31.81 2.42 0.236
0800 34.85 31.89 2.49 0.320 36.00 36.86 2.42 0.794
0900 31.82 32.55 2.44 0.804 35.82 37.58 2.42 0.594
1000 33.26 30.67 2.44 0.375 33.70 31.24 2.42 0.454
1100 34.56 32.55 2.44 0.489 30.83 32.82 2.42 0.544
1300 36.57 33.98 2.44 0.375 35.13 33.69 2.42 0.661
1500 34.56 33.84 2.44 0.804 36.08 31.67 2.65 0.204
1900 32.69 32.25 2.44 0.882 34.67 29.65 2.66 0.150
Day 8
0700 34.85 35.86 2.72 0.764 36.68 31.48 2.04 0.080
0800 39.31 38.45 2.72 0.797 40.42 34.21 2.04 0.038
0900 37.30 36.57 2.72 0.830 38.55 37.24 2.04 0.655
1000 38.59 36.29 2.72 0.493 38.12 33.50 2.04 0.118
1100 38.73 37.15 2.72 0.637 37.97 34.79 2.04 0.279
1300 40.46 38.59 2.72 0.578 37.69 31.19 2.04 0.030
1500 40.89 37.87 2.72 0.370 41.58 33.50 2.04 0.008
1900 39.60 36.57 2.72 0.370 36.82 34.65 2.04 0.459
Day 14
0700° 42.19 37.58 2.66 0.164 40.06 38.07 2.02 0.483
0800 41.90 39.46 2.66 0.455 43.37 41.24 2.02 0.452
0900 41.04 38.88 2.66 0.509 43.08 38.07 2.02 0.081
1000 41.33 39.17 2.66 0.509 41.50 35.62 2.02 0.042
1100 41.19 39.89 2.66 0.692 42.51 39.08 2.02 0.229
1300 42.19 37.73 2.66 0.178 36.46 34.90 2.02 0.582
1500 45.79 44.50 2.66 0.692 41.93 38.21 2.02 0.193
1900 43.05 40.46 2.66 0.429 40.92 38.07 2.02 0.316
Day 18
0700% 40.32 38.37 2.93 0.586 41.38 37.99 2.00 0.237
0800 43.78 41.08 2.93 0.452 43.68 36.98 2.00 0.022
0900 41.62 38.98 2.93 0.461 40.37 33.96 2.00 0.028
1000 40.61 36.10 2.93 0.211 39.79 33.82 2.00 0.040
1100 41.90 39.35 2.93 0.476 42.38 34.39 2.00 0.007
1300 43.05 40.12 2.93 0.413 44.95 37.17 2.15 0.017
1500 44.35 41.71 2.93 0.461 44.49 36.79 2.16 0.018
1900 43.05 37.90 2.93 0.154 41.28 38.46 2.16 0.374

1Data are least squares means.
2Maximum value of the standard error of the means.
3Prior to morning feeding at 0700

147



Table B14. Respiratory quotient (RQ) during daytime of lactating sows with litters fed high crude
protein (HCP) and low crude protein (LCP) diet and exposed to thermal neutral and heat stress
conditions?

Thermal Neutral Heat stress
HCP LCP SEM? P-value HCP LCP SEM? P-value
Day 4
0700° 0.95 0.88 0.04 0.180 0.95 0.94 0.04 0.906
0800 1.01 0.91 0.04 0.071 0.99 1.07 0.04 0.135
0900 0.98 0.96 0.04 0.633 0.98 1.04 0.04 0.265
1000 0.99 0.94 0.04 0.394 0.94 0.95 0.04 0.812
1100 0.98 0.97 0.04 0.816 0.98 1.00 0.05 0.723
1300 0.99 0.88 0.04 0.037 0.98 1.04 0.04 0.253
1500 0.97 0.99 0.04 0.725 0.95 0.98 0.04 0.521
1900 0.97 0.95 0.04 0.752 0.97 0.94 0.04 0.613
Day 8
07008 0.87 1.10 0.05 0.003 0.95 0.98 0.03 0.484
0800 0.93 0.94 0.05 0.897 0.99 0.90 0.03 0.035
0900 0.96 1.10 0.05 0.056 0.96 1.01 0.03 0.247
1000 0.93 0.95 0.05 0.820 1.00 0.96 0.03 0.308
1100 0.96 0.94 0.05 0.838 0.98 0.94 0.03 0.376
1300 0.97 0.96 0.05 0.891 0.95 0.90 0.03 0.177
1500 0.93 0.90 0.05 0.700 0.96 0.91 0.03 0.188
1900 0.97 0.94 0.05 0.727 0.95 0.90 0.03 0.213
Day 14
07008 0.90 0.93 0.03 0.347 0.91 0.93 0.02 0.524
0800 0.95 0.94 0.03 0.641 0.98 0.93 0.02 0.150
0900 0.95 0.97 0.03 0.595 1.00 0.97 0.02 0.314
1000 0.94 0.99 0.03 0.166 0.95 0.96 0.02 0.831
1100 0.95 0.96 0.03 0.915 0.95 0.97 0.02 0.652
1300 0.93 0.93 0.03 0.981 0.97 0.93 0.02 0.198
1500 0.96 0.98 0.03 0.602 0.97 0.93 0.02 0.157
1900 0.95 1.02 0.03 0.061 0.98 0.96 0.02 0.626
Day 18
07008 0.92 0.91 0.04 0.977 0.93 0.91 0.03 0.542
0800 0.91 0.98 0.04 0.153 0.97 0.96 0.03 0.800
0900 0.98 0.99 0.04 0.866 0.99 0.90 0.03 0.017
1000 0.98 0.97 0.04 0.777 0.99 0.98 0.03 0.927
1100 0.98 0.97 0.04 0.796 0.98 0.94 0.03 0.265
1300 0.95 0.98 0.04 0.507 0.92 0.94 0.03 0.642
1500 0.92 0.95 0.04 0.624 0.96 0.98 0.03 0.589
1900 0.98 0.93 0.04 0.334 0.99 0.95 0.03 0.419

1Data are least squares means.
2Maximum value of the standard error of the means.
3Prior to morning feeding at 0700
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Table B15. Metabolic carbon dioxide (CO2) production, oxygen (O2) consumption, total heat production (THP) and respiratory quotient
(RQ) of piglets from sows fed high crude protein (HCP) and low crude protein (LCP) diet and exposed to thermal neutral and heat stress
conditions?

Heat stress

2

BW. kg COz, L'd¥BWOo™ Oy L-dBW?O7™ THP, kcal-d-BW07° RQ

HCP
Day 4 2.20 31.28 41.30 196.99 0.76
Day 8 (9) 3.46 40.35 41.73 209.86 0.97
Day 14 (15) 5.47 41.99 47.43 233.59 0.89
Day 18 (19) 6.13 41.21 47.35 232.44 0.87

LCP
Day 4 2.10 24.36 34.39 162.05 0.71
Day 8 (9) 4.50 33.96 39.66 194.04 0.86
Day 14 (15) 5.68 34.91 45.79 218.88 0.76
Day 18 (17) 5.65 47.87 56.42 275.45 0.85

BW, kg? Thermal neutral

’ COz, L-d*BW??™ Oy L-'dtBWY™  THP, kcal'd " BW 7 RQ

HCP
Day 4 1.75 34.56 38.88 191.76 0.89
Day 8 (9) 3.47 35.42 43.20 207.84 0.82
Day 14 (13)  5.17 40.61 44.93 217.68 0.90
Day 18 (17)  6.10 43.20 49.25 240.72 0.88

LCP
Day 4 (3) 2.19 31.97 39.74 192 0.80
Day 8 (9) 3.42 38.02 41.47 204.72 0.92
Day 14 (15) 5.18 36.29 48.38 229.92 0.75
Day 18 7.20 41.47 47.52 246.72 0.87

!Acual day of lactation is shown in parentheses.
2BW: body weight
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APPENDIX C
EFFECTS OF A NEAR IDEAL AMINO ACID BALANCE DIET ON LYSINE

MAMMARY UPTAKE, WHOLE BODY PROTEIN OXIDATION AND MUSCLE
PROTEIN BREAKDOWN ON LACTATING SOWS
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MATERIALS AND METHODS

Dietary Treatments

Ingredients and calculated nutrient composition of the diets are presented in Table 4.1.
Analyzed total (hydrolysate) and free AA of the diets are presented in Table C1. The NRC (2012)
model was used to estimate requirements for AA, net energy (NE), calcium (Ca) and phosphorus
(P). The requirements were predicted based on the swine herd performance at the Michigan State
University Swine Teaching and Research Center, as follows: sow BW of 210 kg, parity number of
2 and above, and daily intake of 6 kg/day, litter size of 10, piglet BW gain of 280 g/day over a 21-
day lactation period, and an ambient temperature of 20 °C. The model predicted a minimum sow
BW loss of 7.5 kg and the protein:lipid in the model was adjusted to the minimum allowable value
of near zero. All diets were formulated to contain the same SID Lys (0.90%) and NE (2,580 kcal/kg)
concentrations.

The control diet (CON) was formulated using corn and soybean meal as the only sources
of Lys to meet NRC (2012) SID Lys requirement (0.90%) and consequently contained 18.75% CP.
Valine met near SID requirement of 0.77% (vs. 0.79%) (NRC, 2012). All other EAA SID
concentrations were in excess relative to NRC (2012). A second diet balanced to reach a near ideal
AA (NIAA) profile was formulated, as described in Chapter 2 (Zhang et al., 2019) and is referred

to as the optimal diet (OPT) throughout the remainder of the manuscript.

Animals and Feeding

The study was conducted at the Michigan State University Swine Teaching and Research
Center. Ten purebred multiparous (parity 2+) Yorkshire sows were moved to conventional
farrowing crates between days 105 and 107 of gestation, grouped by parity, and randomly assigned

to 1 of 2 dietary treatments within parity groups (Control, n = 5; Optimal, n = 5). The study was
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conducted over 3 blocks of time, with 2 to 5 sows per block. Litters were standardized to 11 piglets
within the first 24 h after farrowing with the aim of weaning 10 piglets per sow. Sows were adapted
to the experimental diets (2.2 kg/d) 4 to 6 days before the expected farrowing date. After farrowing,
sows feed allowance was progressively increased from 1.88 kg/d at day 1 to 7.44 kg/d at day 21
of lactation, according to the NRC (2012) model, with targeted ADFI of 6.0 kg/d during the whole
lactation period. Feed was provided daily in 3 equal meals (0700, 1300, and 1900) with feed intake
and refusal recorded daily before the morning meal. Water was freely accessible to sows and
piglets. Injection of iron and surgical castration were conducted on days 1 and 7, respectively. No
creep feed was supplied to the piglets. On infusion day, 2 meals (0700, 1300) were divided into 6
aliquots and supplied every 2 h from 0700 to 1700. The BW and backfat thickness of sows were
recorded on days 1 and 21, and litter weights were recorded on days 1, 14, 18 and 21. Milk yield

was estimated for peak lactation (between days 14 and 18) according to Zhang et al. (2019).

Ear Vein Catheterization

The sows were restrained with a rope snare and remained in their farrowing stall where
sedation was induced. For sedation, Telazol was reconstituted with 2.5 mL of 100 mg/mL
ketamine and 2.5 mL of 100 mg/mL xylazine to a volume of 5 mL. This sedative mixture was
administered i.m. in the Brachiocephalicus muscle caudal the ear, at a dosage of 0.1 mL/10 Ibs
body weight. Sows were carefully assisted to facilitate laying down in ventral recumbence.
Sedation lasted for 45 to 60 minutes. The depth of anesthesia was monitored by the degree of
muscle relaxation and respiratory (i.e., 10 to 25 breaths/min).

The entire dorsal surface of both ears was prepared for aseptic placement of ear vein
catheters (one for infusion, and the other for blood sampling). The skin was scrubbed gently with

10% betadine solution following with 70% isopropyl alcohol. The areas caudal to the ear and
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dorsal to the neck were clipped using a professional clipper to remove hair in and provide adhesion
for the tape.

A pre-cut 61 cm, round tip, medical grade microbore intravascular tubing (1.65 mm o.d.,
1.02 mm i.d.) with hydromer coating (Access Technology Corp., Skokie, IL) was prefilled at the
time of catheterization with heparinized saline (30 IU/mL) before insertion. A hand tourniquet was
applied at the base of the ear to distend the medial and lateral branches of the auricular vein. Either
vein was used for catheterization.

A short-term stylet catheter (14G, 5.08 cm, Safety IV catheter; B. Braun Melsungen AG,
Germany) was inserted into the vein with needle bevel facing up. Upon appearance of blood, the
vein was occluded and the needle rotated 180° to angle the needle bevel facing down. The short-
term catheter was inserted into the vein while holding the needle in place. The needle was then
removed and the intravascular tubing was inserted through the short-term catheter and pushed for
approximately 30 cm caudally to reach the external jugular vein. Small sections of tape (5.1 cm
wide, ZONAS® porous tape, Johnson & Johnson Consumer Companies, Inc. Skillman, NJ) were
affixed to the remaining section of intravascular tubing and used to suture the tubing to the skin.
The catheter was sutured (monocryl, CP-1, 36 mm, 1/2c; Ethicon Inc. USA) to the ear at the entry
point of the tubing and at approximately 5 cm away from the entry point. Gauze was placed to
cover the suture sites and elastic adhesive tape was used to wrap the ear to protect and hold the
catheter in position. A blunt-end needle adapter was placed onto the distal end of the catheter with
an adaptor injection cap with male Luer lock. The same catheterization procedure was done for
the other ear vein. Then both catheters were inserted through a small incision on the bottom of a
denim protective purse glued with Livestock ID Tag Cement (W.J. Ruscoe Company, Akron, OH)

on the dorsal region of the neck, caudally to the ears and cranial to the shoulders. The catheters
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were coiled and stored in the purse until used for infusion and blood sampling. The catheters were
flushed with sterilized heparinized saline (30 1U/mL) twice per day to maintain patency.

Elastic adhesive tape (7.5 cm wide, 3M veterinary adhesive tape) was used tape each ear
into a cone shape and also tape the tubing onto the skin from the ears up to the purse. Then, elastic
bandage (15 cm wide, Novation®, Hartmann USA, Inc., Rock Hill, SC) was wrapped around the
neck and upper body of the sow in the shape of a life vest (crisscross) to protect the protective
purse from damage.

Following the termination of the infusion protocol, catheters were removed. The elastic
adhesive tape was carefully pulled to expose the sutures. The sutures were cut with small surgical
scissors. The catheters were gently pulled out of the ear veins, and gauze was held in place until
the insertion site was coagulated. The remaining bandage and adhesive tape around the neck and
thorax were then removed once the catheters were out of the ear veins. The sow health status (rectal
temperature and feed intake) and potential infection were monitored daily from the day of

catheterization and for 3 days following the removal of catheters.

Preparation of Isotope Solution and Infusion

Tracers were weighed, dissolved in saline and filtered through sterile millipore steriflip
filters (0.22 um). For each sow, 3-[methyl-?Hs]histidine (183 umol in 20 mL saline for bolus
injection), [**C]bicarbonate (368 pmol in 20 mL saline for prime; and 736 pmol in 30 mL saline
for 2-h infusion), and [1-*C]lysine (1.28 mmol in 30 mL saline for prime; and 9.00 mmol in 60
mL saline for 6-h infusion) were prepared. The solution of [**C]bicarbonate was freshly prepared
to minimize the loss of 1*CO.. Specifically, [**C]bicarbonate was weighed and dissolved in 20 mL
3-[methyl-2Hs]histidine solution in the morning of infusion day (Figure C5). Mixed 20 mL saline

solution of 3-[methyl-?Hs]histidine (183 pmol bolus injection) and [*3C]bicarbonate (368 pmol
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priming dose) was given through the infusion catheter 1 hour prior to the constant 2-hour
[**C]bicarbonate infusion (368 pmol/h) followed by a 6-hour primed constant [1-*C]lysine

infusion (1.50 mmol/h) (Figure C5).

Blood Sampling

For plasma 3-[methyl-2Hs]histidine, blood samples were collected through sampling
catheter at 0, 5, 10, 15, 30 and 45 minand 1, 2, 3, 4,5, 6, 7, 8, 24, 34, 48, 58 and 72 h post bolus
infusion, transferred into 500 uL BD microtainer tubes (K2EDTA), centrifuged (1,500 x g at 4°C
for 5 min) and transferred to 1.5-mL microcentrifuge tubes for analysis of plasma 3-[methyl-
2Hs]histidine.

For plasma [1-13C]lysine, blood samples were collected prior to infusion for background
enrichment and at 1, 2, 3, 4, 5 and 6 h from the start of [1-3C]lysine infusion (Figure C5).

For blood CO2, blood samples (2 mL) were collected prior to [**C]bicarbonate-prime
infusion for background, andat 1, 2, 3, 4, 5, 6, 7 and 8 h following prime infusion. Blood samples
were injected into evacuated vacutainer tubes (Becton Dickinson, Plymouth, UK) previously
prepared with 2 mL of phosphoric acid, immediately mixed, and cooled to room temperature. The
CO2 was then transferred from evacuated vacutainers to Exetainer tubes (Labco Breath Tube, UK)

by using pure nitrogen (N) gas as medium for further analysis.

Milk Sampling

Milk was sampled before infusion for background enrichment, and at 1, 2, 3,4, 5and 6 h
of primed constant infusion of Lys. Piglets were separated from the sows for approximately 1 h,
and sows were administered 1 mL of oxytocin (20 IU/mL oxytocin, sodium chloride 0.9% wi/v,
and chlorobutanol 0.5% w/v, VetTek, Blue Springs, MO) through the sampling catheter, following

blood sample. A total of 30-mL milk was manually collected across all glands and stored in 2
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separate 15-mL tubes (polypropylene centrifuge tubes with screw cap, Denville Scientific). Piglets
were immediately returned to sows to complete nursing and empty the mammary glands. Piglets
were then removed from the sows immediately after nursing and kept separate from the sow until

the next milk sampling time.

Isotope Analysis

[1-13C]lysine and 3-[methyl-?Hs]histidine in plasma and milk (after acid hydrolysis) were
determined as their dansyl derivatives by HESI LC-MS as previously described (Marini, 2011).
The following m/z transitions were monitored: 613—379 and 614—380 for [1-*C]lysine and
403—124 and 406—127 for 3-[methyl-?Hs]histidine. Determination of blood ¥CO, enrichment
was performed by IRMS (Delta+XL IRMS coupled with GasBench-I1 peripheral device, Thermo-

Quest Finnigan, Bremen, Germany) as previously described (Verbruggen et al. 2009).

Nutrient Analysis

Feed samples were analyzed for gross energy (GE) by bomb calorimetry according to the
manufacturer's instructions (Parr Instrument Inc., Moline, IL). Dry matter, N and in feed samples
were analyzed as described in Chapter 2 (Zhang et al., 2019). Dietary AA analysis [AOAC Official
Method 982.30 E (a,b,c), 45.3.05, 2006] was performed by the Agricultural Experiment Station
Chemical Laboratories (University of Missouri-Columbia, Columbia, MO) as outlined in Zhang
et al (2019).

Whole milk samples were analyzed for fat, true protein, lactose, and milk urea N (MUN)
with infrared spectroscopy by the Michigan Dairy Herd Improvement Association (NorthStar

Cooperative®, Lansing, MI) (Zhang et al., 2019).
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Calculations

Lysine oxidation

The enrichment of CO- during the period of primed-constant infusion of [**C]bicarbonate was

presented as follows (Eq. 1):

Infusion rategizcog (umol/h)

Eco, (%) = 1)

Raycoz (hmol/h)
Where “infusion rateniscos” represented the infusion rate (368 pmol/h) of [*3C]bicarbonate, and

“Rancos” represented the rate of appearance of unlabeled bicarbonate (baseline) in the body.

The enrichment of CO, during the period of primed-constant infusion of [1-*C]lysine was

presented as follows (Eq. 2):

__ Rapyzcoz (kmol/h)
Raycoz (Lmol/h)

Eco, (%) )

Where “Raniscos” represents the rate of appearance of labeled bicarbonate from [1-*C]lysine
oxidation, and “Rancos” represents the rate of appearance of unlabeled bicarbonate (baseline) in

the body as in Eq. 1.

The enrichment of lysine during the period of primed-constant infusion of [1-*C]lysine was

presented as follows (Eq. 3):

Infusion rate[1_13C]Lys (mmol/h) 1:{31_[13(:03T (umol/h)

ELys(%) = ®)

Rapys(mmol/h) RaH13C0§ from Lys oxidation (Hmol/h)

Where Rayys represents the rate of appearance of unlabeled lysine in the body.

Lysine oxidation was estimated as follows (Eq. 4):
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EEOZ(%) Infusion rateH13C0§ (umol/h) (4)
ELys(%) Eco, (%)

Lys oxidation (pmol/h) = RaHlSCO; from Lys oxidation (pmol/h) =

Whole body protein breakdown and synthesis

Protein breakdown and synthesis were calculated as follows (Eq. 5 and 6):

Protein breakdown (mmol/h) = Ra;ys (mmol/h) — intake (mmol/h) x SID (%) =

Infusion rate (mmol/h)

[1-13c]Lys
ELys(%)

— intake (mmol/h) x SID (%) (5)

Protein synthesis(mmol/h) = Ra; s (mmol/h) — Total Lys oxidation(mmol/h) =

Infusion rate (mmol/h)

[1-13C]Lys

— Total Lys oxidation(mmol/h) (6)
ELys(%)

Lysine utilization efficiency for lactation

Lysine utilization efficiency for lactation was calculated as follows (Eq. 7):

. . . Protein net synthesis (mmol/h Protein synthesis (mmol/h)—protein breakdown(mmol/h
Efficiency of lysine = 4 (mmol/h) _ Y /M=p (mmol/h) (7
Rapys (mmol/h) Rapys (mmol/h)

Statistical Analysis
Data were analyzed by ANOVA using the Mixed model procedures of SAS 9.4 (SAS Inst. Inc.,

Cary, NC).
For the analysis of lysine enrichment in plasma and milk, the following model was used:
Enrichment of lysine = diet + hour + block + sow + diet x hour + e

The Enrichment of lysine depended on the fixed effects of diet (CON vs. OPT), and sampling
hour, with hour as repeated measurement. The random effects included block and individual sow.

The interactive effect of diet x hour was also included.
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For the analysis of lysine balance and body protein breakdown and synthesis, the following model

was used:

Response = diet + block+ sow + e

The Response depended on the fixed effects of diet (CON vs. OPT). The random effects included

block and individual sow.

For the analysis of dynamics of 3-methyl-histidine (3MH), the following model was used:

Enrichment of 3MH = diet + hour + block + sow + diet x hour + e

The Enrichment of 3MH depended on the fixed effects of diet (CON vs. OPT), and sampling
hour, with hour as repeated measurement. The random effects included block and individual sow.

The interactive effect of diet x hour was also included.
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Table C1. Analyzed and calculated concentration of nitrogen (N), total and free essential amino
acids in control (CON) and optimal (OPT) diets (as-fed)

CON OPT
Analyzed! Calculated? Analyzed! Calculated?
Total, %
N 2.95 3.08 2.24 2.24
Arg 1.18 1.26 0.70 0.78
His 0.51 0.53 0.40 0.43
lle 0.84 0.81 0.60 0.60
Leu 1.60 1.67 1.10 1.19
Lys 1.06 1.04 1.03 1.01
Met 0.26 0.31 0.26 0.33
Met + Cys 0.55 0.63 0.47 0.57
Phe 0.95 0.96 0.73 0.76
Phe + Tyr 1.52 1.59 1.13 1.20
Thr 0.69 0.73 0.61 0.68
Trpd 0.22 0.23 0.17 0.19
Val 0.91 0.90 0.87 0.89
Free AA, %
Arg 0.05 0.00 0.03 0.00
His 0.00 0.00 0.07 0.07
lle 0.01 0.00 0.08 0.08
Leu 0.01 0.00 0.01 0.00
Lys 0.02 0.00 0.41 0.37
Met 0.00 0.00 0.10 0.11
Met + Cys 0.00 0.00 0.10 0.11
Phe 0.00 0.00 0.13 0.13
Phe + Tyr 0.01 0.00 0.15 0.13
Thr 0.02 0.00 0.21 0.20
Trp® - 0.00 - 0.05
Val 0.01 0.00 0.27 0.29

IAnalyzed values represents average across 3 blocks (feed mixes).

2Calculated values for the total AA are based on the AA concentration in feed ingredients
according to NRC (2012), and calculated values for the free AA correspond to the dietary
inclusion rate in crystalline form.

3Analysis of free Trp was not performed.
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Table C2. Lysine balance (g/d) of sows fed Control (CON; 18.4% CP) and Optimal (OPT; 14.0%

CP) diets during peak lactation (day 14 to day 18)*

Diet
SEM? P-value

Item CON OPT

SID Lys intake 85.54 87.12 1.1 0.164
Lys oxidation 30.91 17.29 14.0 0.364
Lys flux 135.61 154.23 13.8 0.456
Lys from body protein breakdown 50.08 66.79 13.4 0.487
Lys for body protein synthesis 107.70 128.86 24.5 0.572

!Data are least squares means.
2Maximum value of the standard error of the means.
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Table C3. Body protein synthesis and breakdown of sows fed Control (CON; 18.4% CP) and
Optimal (OPT; 14.0% CP) diets during peak lactation (day 14 to day 18)*

Diet
SEM?  P-value

Item CON OPT

Body protein breakdown, g/d 743 991 256 0.487
Body protein synthesis, g/d 1,598 1,912 363 0.572
Body protein net synthesis, g/d 791 1,031 213 0.279
Body protein synthesis/ breakdown 2.32 2.51 0.71 0.834
Efficiency® 0.42 0.51 0.17 0.623

!Data are least squares means.

2Maximum value of the standard error of the means.
Protein net synthesis (g/d)

Efficiency of lysine = Lysine flux (g/d)
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Figure C1. Changes in plasma isotopic enrichment of Lys during peak lactation (between day 15
and 21) for sows fed Control (CON; 18.4% CP; n = 3) and Optimal (OPT; 14.0% CP; n = 5) diets.
Plasma isotopic enrichment of [1-*C]lysine differed between diets (P < 0.001) and time points (P
< 0.01) with no interaction between diet and time (P = 0.477). Standard error of the mean, SEM
=0.53.
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Figure C2. Milk isotopic enrichment of [1-13C]lysine during peak lactation (between day 15 and
21) for sows fed Control (CON; 18.4% CP; n = 3) and Optimal (OPT; 14.0% CP; n = 5) diets.
Milk isotopic enrichment of [1-13C]lysine tended to differ between diets (P = 0.061) and did not
differ between time points (P = 0.827), with no interaction between diet and time (P = 0.979).
Standard error of the mean, SEM = 0.24.
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Figure C3. Changes in plasma isotopic enrichment of 3-[methyl-?Hs]histidine during peak
lactation (day 15 to day 21) for sows fed Control (CON; 18.4% CP; n = 4) and Optimal (OPT;
14.0% CP; n = 4) diets. Plasma isotopic enrichment of 3-[methyl-2Hs]histidine differed between
diets (P <0.001) and time points (P < 0.001), with no interaction between diet and time (P = 0.547).
Standard error of the mean, SEM = 0.645.
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Figure C4. Diagram of Lys balance of lactating sows at fed state
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