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Dietary inclusion of sufficient lysine is very critical for optimizing pig’s growth
performance. The objectives of this project were to study the effects of dietary lysine at
different concentrations on (1) the growth performance and carcass characteristics, (2) the
muscle gene expression profile and the possible alterations to the metabolic and signaling
pathways, (3) the muscle fatty acid profile, and (4) the plasma concentrations of growthrelated hormones of late-stage finishing pigs. Nine crossbred barrows were assigned to 3
dietary treatments (lysine-deficient, -adequate, and -excess diets) according to a
completely randomized experimental design. During the 5-week feeding trial, pigs were
allowed ad libitum access to experimental diets and water. All pigs and experimental
diets were weighed individually each week during feeding trial to determine growth
performance. After harvest, the carcass characteristics were determined and muscle
samples were collected from longissimus dorsi for mRNA and fatty acid profiling, while
the jugular vein blood was collected at the end of four weeks for analyses of three
growth-related hormones. While the average daily gain showed a quadratic relationship,
the dressing percentage and total lean cut weight both increased linearly with dietary

lysine concentrations. Results of muscle gene expression data showed that dietary lysine
deficiency may lead to decreased protein synthesis, increased protein degradation and
lipid accumulation, while dietary lysine excess may lead to decreased protein degradation
and increased lipid biosynthesis. Fatty acid (FA) composition data showed that different
dietary lysine concentrations altered the intramuscular fat (IMF) content and FA
composition, especially the unsaturated FAs. In particular, dietary lysine deficiency
increased the IMF content and the proportion of mono-unsaturated FAs. Hormone
analyses showed that the plasma concentrations of insulin and growth hormone were not
affected by dietary lysine, whereas the concentration of insulin-like growth factor 1 was
decreased by either dietary lysine deficiency or excess. Collectively, lysine may function
as a signaling molecule to regulate the expression of genes related to protein turnover and
lipid metabolism in the muscle of finishing pigs, causing differences in growth
performance, carcass characteristics, and FA composition. IGF-1 may be a controlling
growth factor that is sensitive to dietary lysine.
Key words: Lysine, Finishing pig, Gene expression profile, Fatty acid, Hormone,
Carcass characteristics
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HOW DIETARY LYSINE AFFECTS THE GROWTH PERFORMANCE OF PIGS:
WITH EMPHASIS ON MUSCLE GROWTH
Introduction
The growth and development of skeletal muscle of pigs essentially requires
dietary supply of proteins or amino acids (AAs). There are about 21 AAs in nature that
serve as building blocks for muscle protein biosynthesis, of which lysine accounts for the
biggest portion of the protein gain in growing-finishing pigs (i.e., 7.1 g lysine per 100 g
protein; NRC, 2012). Because pigs cannot de novo synthesize lysine from any other
nutrients or nutrient metabolites within the body, lysine is a truly essential AA that must
be provided to pigs through dietary supply. Nevertheless, lysine is the first limiting AA in
almost all conventional grain based swine diets (Austin, 2000; NRC, 2012). Dietary
supplementation of crystalline lysine, therefore, is a prudent nutritional strategy to
optimize the growth performance of pigs, especially the growth of skeletal muscle (the
largest body protein reservoir) to save feed cost of dietary crude protein (CP), and to
minimize nitrogen (N) excretion to the environment at the same time (Liao et al., 2015).
In the field of AA nutrition, a growing body of knowledge recently has resulted in
a new nutrition concept, functional AAs, which are defined as those that regulate animal
metabolic and cell-signaling pathways and in turn modulate animal growth, development,
and many other physiological functions (Averous et al., 2003; Wu, 2010; Wu et al.,
1

2014). Although numerous studies have demonstrated that dietary supplementation of
lysine can improve swine muscle protein accretion and whole-body growth performance
(Sharda et al., 1976; Fuller et al., 1987; Salter et al., 1990; Roy et al., 2000; Shelton et al.,
2011), beyond its function as a building block for protein synthesis, whether or not lysine
is a functional molecule in the body is still not clear (Rezaei et al. 2013; Liao et al.,
2015). Thus, the objective of this review is to summarize the current knowledge from the
literature regarding the effect of dietary lysine on nutrient metabolism, hormone
production and activities, gene expression, and cell signaling pathways that are related to
growth performance, especially, the muscle growth of pigs.
Effect of lysine on swine production performance
Lysine effect on growth performance
Since the identification of lysine as an essential AA for pigs (Mertz et al., 1949),
its dietary importance has been reported in various aspects of swine nutrition by many
researchers (Cahilly et al., 1963; Williams and Dunkin, 1980; Wittmann and Becker,
2007). Susenbeth et al. (1994) reported that the growth rate and feed efficiency of pigs
were improved by increasing dietary lysine concentration, which confirmed the results
from numerous previous studies (e.g., Sharda et al., 1976; Henry et al., 1992; Cromwell
et al., 1993). Thereafter, from two experiments with high-lean-growth gilts, Friesen et al.
(1994, 1995) reported that the average daily gain (ADG) linearly increased while the
concentration of dietary digestible lysine was increased from 0.54 to 1.04% for pigs
weighing from 34 to 72 kg, and quadratically increased while the concentration of dietary
digestible lysine was increased from 0.44 to 0.94% for pigs weighing from 72 to 136 kg.
Main et al. (2008) also reported that ADG of the early-stage finishing pigs (barrows and
2

gilts) increased quadratically, and increased linearly during the late finishing stage, while
the dietary lysine : calorie ratio was increased at ranges from 1.40 to 4.25. Similarly,
Shelton et al. (2011) reported that the ADG of growing and finishing gilts increased
linearly or quadratically as the dietary concentration of standardized ileal digestible
lysine was increased.
While increasing dietary lysine improves ADG of pigs, many studies, as those
cited above, also showed a slowdown of growth rate with deficiency of dietary lysine
(Henry et al., 1992; Bidner et al., 2004; Yang et al. 2008). The beneficial effect of dietary
lysine on pig ADG, however, is not unlimited. In an experiment with growing pigs, Roy
et al. (2000) reported that ADG of growing barrows increased linearly with the increased
dietary lysine concentrations, and that a large ADG increment was observed between
lysine deficient and lysine adequate diets and a smaller increment was observed between
lysine adequate and lysine excess diets. Similar result was reported by Vipperman et al.
(1963) who studied dietary levels of lysine (0.34 to 1.34%) on the ADG of weanling pigs
(initial BW 14.5 kg) fed a corn and peanut oil meal based diet. In addition, Lewis et al.
(1980), Goodband et al. (1990), Cline et al. (2000), and Wei and Zimmerman (2003) all
showed that further increasing the dietary concentration of lysine beyond certain levels
(defined as the levels of dietary requirement) for certain pigs did not further increase
animal ADG. Furthermore. Cisneros et al. (1996) reported a reduced dietary lysine level
in the diet did not affect the ADG of crossbred finishing pigs.
Although some studies showed that increasing dietary level of lysine increased
average daily feed intake (ADFI; e.g., Henry et al., 1992; Yang et al. 2008; RodríguezSánchez et al., 2011), the majority of studies in the literature, however, concluded that the
3

level of dietary lysine did not influence ADFI (Goodband et al., 1990; Roy et al., 2000;
Witte et al., 2000; Bidner et al., 2004; Shelton et al., 2011; Tous et al., 2014). Thus,
increased ADG at uninfluenced ADFI appeared to be the major reason for the improved
efficiency of feed conversion in terms of gain to feed (G : F) ratio (Friesen et al. 1995;
Tous et al., 2014). Friesen et al. (1995) reported that the G : F ratio increased
quadratically as apparent digestible lysine was increased for gilts weighing from 72.5 to
136 kg. Main et al. (2008) also reported the G : F ratio increased linearly with late-stage
finishing barrows and gilts, but increased quadratically with early-stage finishing pigs
while the dietary lysine : calorie ratio was increased. Similarly, Shelton et al. (2011)
reported that the G : F ratios of growing and finishing gilts increased linearly as the levels
of dietary standardized ileal digestible lysine was increased. Likewise, decreasing the
dietary lysine level led to reduced G : F ratios (Witte et al., 2000; Szabó et al., 2001;
Zhang et al., 2008). Meanwhile, it should be pointed out that, as De la Llata et al. (2002)
reported, unless other synthetic AAs are added to the diet, no more than 0.15% L-lysine
HCl should be used to replace the intrinsic lysine from soybean meal, at least in a cornor a sorghum-soybean meal-based diet, to avoid the deficiencies of other AAs because
the deficiencies of other AAs will lead to decreased growth performance.
Lysine effect on lean gain and carcass characteristics
The primary goal of swine production is to convert feedstuffs into pork for human
consumption, and the major component of pork is skeletal muscle. Thus, the efficiency of
swine production is better measured by the efficiency of muscle or lean gain than by the
whole body weight (BW) gain or ADG (Chang and Wei, 2005). Because of this, how
dietary lysine affects muscle gain, or carcass quantity and quality, of swine has also
4

received much attention (Susenbeth et al., 1994; Chang and Wei, 2005; Tous et al.,
2014).
In an experiment with weanling pigs fed a corn and peanut oil meal based diet,
Vipperman et al. (1963) reported that total lean percentage gradually increased as dietary
lysine was increased from 0.51 to 0.85%, and so were the weight, specific gravity, and
percent protein of the longissimus dorsi muscle as dietary lysine was increased from 0.34
to 1.02%. Similarly, Cahilly et al. (1963) reported that the lean-cut yield and loin-eye
area increased as dietary lysine was supplemented at rates from 0.0 to 0.6% for growing
pigs, and so was the protein content of longissimus dorsi. Jurgens et al. (1967) reported
that percent ham and loin, as well as loin eye area, was increased with the addition of
lysine to a milo-soybean meal diet fed to growing-finishing pigs. Thus, it has been
understood that the lean percentage of pig carcass can be increased by increasing the
dietary level of lysine (Dourmad et al., 1996; Witte et al., 2000) and the lysine : energy
ratio (Szabó et al., 2001; Apple et al., 2004).
While increasing dietary level of lysine can improve pig growth performance and
some carcass characteristics, decreasing dietary lysine level may limit muscle protein
synthesis and depreciate carcass characteristics (Zhang et al., 2008). Bidner et al. (2004)
reported that hot carcass weight of late-stage finishing gilts was reduced when a lysine
deficient diet was fed, and that the dressing percentage was, therefore, reduced by the
decreased dietary lysine concentration. In addition, Goodband et al. (1990) and Witte et
al. (2000) also reported earlier that lysine-deficient diets decreased the weights of ham
and loin muscles, as well as the loin eye area.

5

The decreased carcass lean meat percentage, and the consequent increase of fat
mass, in pigs fed a lysine deficient diet were reported by Witte et al. (2000) and Szabó et
al. (2001). As a result of feeding lysine deficient diets, fat depth at the tenth rib was
increased (Witte et al., 2000; Bidner et al., 2004). Although there was no difference for
subjective marbling scores between different lysine level groups (Witte et al., 2000;
Bidner et al., 2004), the lysine-deficient diet increased intramuscular fat content of
longissimus dorsi (Witte et al., 2000; Bidner et al., 2004; Kobayashi et al., 2012; Tous et
al., 2014). The active lipid accumulation in longissimus dorsi may be due to the reason
that dietary lysine deficiency restricted muscle protein synthesis, causing surplus energy
to be converted to fat.
In terms of other carcass characteristics, although a low lysine diet resulted in an
increase in the ultimate pH of longissimus muscle, the visual scores for color, firmness,
and drip loss measurements were not affected by dietary lysine level (Bidner et al., 2004).
Lysine effect on muscle protein turnover
As is known, the gain of swine muscle is the dynamic results of muscle protein
turnover, which involves the processes of protein synthesis and degradation (Trenkle,
1986; Therkildsen and Oksbjerg, 2009; Liao et al., 2015). Using comparative slaughter
and balance techniques on growing pigs, Noblet et al. (1987) found that lysine
supplementation to either a low-protein or a high-protein diet (15.3% vs. 17.8% CP) led
to a greater BW and muscle gain and a more N retention. Fuller et al. (1987) measured
the influences of dietary supplementation of lysine on the whole-body protein turnover of
growing pigs and observed an increased N retention which resulted from a nonsignificant increment of protein synthesis and a numerical decrease in protein
6

degradation. Salter et al. (1990) measured the influences of changing dietary protein
quality while varying the degree of lysine supplementation of a lysine-deficient diet fed
to growing pigs on whole-body protein turnover, and found that both the N retention in
the animal and the biological value of the diet were increased by lysine supplementation
which was the result of a greater increase in the rate of whole-body protein synthesis than
the rate of protein degradation. Similarly, Roy et al. (2000) also concluded that the
increase in whole-body protein gain in growing barrows observed with lysine
supplementation of a lysine-deficient diet resulted from a greater increase in whole-body
protein synthesis than in degradation.
It was reported that less lysine intake may activate proteolytic systems, because
the fractional rates of proteolysis measured in the breast muscle of growing chickens
were greater in lysine-deprived animals (Tesseraud et al., 1996a; Tesseraud et al., 1996b;
Tesseraud et al., 2001). Consistently, oral administration of lysine suppressed
myofibrillar proteolysis in chicken skeletal muscle (Nakashima et al., 2006) and inhibited
activity of proteasome, which is directly involved in protein degradation (Hamel et al.,
2003). Oral administration of lysine to fasted rats also suppressed the rate of muscle
protein degradation in a concentration-dependent manner (Sato et al., 2013).
Although both rates of protein synthesis and degradation were increased from
lysine deficient to adequate status, the rates did not further increase with the lysine excess
status in the growing pigs (Salter et al., 1990; Roy et al., 2000). Nevertheless, there are
conflicting results in the literature whether dietary lysine supplementation stimulates or
inhibits protein degradation. Urdaneta-Rincon and Leeson (2004) reported that dietary
levels of lysine and CP above requirements for maximal growth increased the rates of
7

both protein synthesis and degradation in young broilers. However, acute or chronic
dietary lysine over loading in rats may cause an increase in muscle protein degradation
(Davis et al., 1993). Different results obtained from different studies might be due to the
differences in animal species and the experimental conditions or methods used.
To test if all muscles respond to dietary lysine in the same manner, Balogun et al.
(1982) conducted two feeding trials with various levels of dietary lysine fed to early
weanling and early growing pigs, respectively. In general, the size of muscle mass was
influenced by dietary lysine level. In trial 1, there was a clear tendency for the absolute
weight and rate of development of individual muscles (especially, bicep femoris, psoas
major, longissimus dorsi, and quadricep femoris) to increase with increasing total lysine.
In trial 2, the absolute weights of bicep femoris, adductor, gastrocnemius, and tricep
brachii increased when the total lysine was increased from 0.50 to 0.70%, and those of
other muscles (except l. dorsi) increased when dietary lysine was raised from 0.50 to
0.90%. Chang and Wei (2005) reported that a deficiency of dietary lysine inhibited the
rate (absolute or fractional) of muscle protein accretion and thus reduced the weights four
muscles (biceps femoris, adductor, masseter, and longissimus dorsi) of the post-weanling
piglets, although no changes were found in the AA composition of these four muscles
tested.
Lysine effect on cell signaling pathways
A cell signaling pathway is defined as a cellular response route, through which the
cells receive an external signal and then relay this signal via their internal information
transmission process leading to a change in the activity of the cells (Scott and Pawson,
2009). Cell signaling pathways coordinate the cell to cell interactions and govern cellular
8

activities, which are essential physiological processes of complex living systems, and
tissue growth and development depends on the ability of cells to perceive and respond to
their micro- and macro-environment via cell signaling pathways. The growth of skeletal
muscle mass of an animal or a human is based on the process of muscle cellular protein
accretion, which is the difference between protein synthesis and protein degradation
(Therkildsen and Oksbjerg, 2009). Thus, muscle protein accretion is subject to the
regulation by a complex network of cell signaling pathways that sense local and systemic
signals and govern nutrient metabolism, especially the protein synthesis and degradation
(Rennie et al., 2004).
Protein synthesis itself is also a complex multistep process, which can be
regulated by the availability of the substrate components and many enzymes involved.
While some factors control the synthesis of specific proteins such as muscle proteins,
others generally control the synthesis of nearly all proteins. Activation of specific genes
to synthesize proper mRNAs is rigidly controlled, so cells can synthesize specific
proteins rather than all of the proteins (Trenkle, 1986). The signals for turning genes on
or off in many cells have been shown to be provided by hormones and other chemical or
physical stimuli such as nutrients, temperature, etc. (Trenkle, 1986; Krauss, 2001; Davis
and Fiorotto, 2005).
Relative to the mechanisms that regulate protein synthesis, less is known about
the mechanisms that regulate protein degradation. Multiple signaling pathways have been
found responsible for protein degradation in animal tissues, and these pathways are
greatly controlled and selectively degrade specific proteins (Davis and Fiorotto, 2005).
The known degradation pathways that may occur in a sequential manner include the
9

lysosomal-autophagic system, the calpain-calpastatin system, the ubiquitin-proteasome
system, and the caspase system (Davis and Fiorotto, 2005; Underwood et al., 2008).
Detailed description of muscle protein degradation pathways is beyond the scope of this
review, but it can be found in the literature (Schimke, 1970; Attaix et al., 2001; Szewczyk
and Jacobson, 2005; Waterlow, 2006).
It has been long known that nutrients and energy can prominently regulate protein
synthesis in mammalian cells including muscle cells. Since the last three decades,
knowledge advances in understanding of mRNA translation mechanisms have facilitated
studies into its regulation by nutrients at the molecular level and by the interplay between
nutrients and hormonal signals (Proud, 2002; Vary and Lynch, 2007). The contribution of
nutrients to the translational regulation of protein synthesis as compared with the
concomitant hormonal responses has been the object of considerable investigations.
Significant findings include that a number of components of the translational machinery
are subject to acute regulation by the nutrient and energy status of the cell (Proud, 2002;
Fujita et al., 2007), and that the regulation of most of these components is linked to the
rapamycin-sensitive mammalian target of rapamycin (mTOR) signaling pathway and the
adenosine 5’-monophosphate-activated protein kinase (AMPK) pathway (Proud, 2002;
Fujita et al., 2007). In terms of protein synthesis in skeletal muscle, the concentrations of
circulating AAs and insulin are the two critical signals that affect the mTOR pathway
(Kimball and Jefferson, 2002; Vary and Lynch, 2007).
In skeletal muscle, provision of branched-chain AAs (BCAAs), especially
leucine, can mimic the effect of a complete mixture of AAs in stimulating protein
synthesis (Kimball and Jefferson, 2002; 2006). Numerous studies have shown that
10

leucine can activate the mTOR pathway to stimulate the mRNA translation initiation in
animal and human muscle (Buse and Reid, 1975; Li and Jefferson, 1978; Crozier et al.,
2005; Li et al., 2011; Boutry et al., 2013), and this regulatory role may be specific for the
muscle because oral administration of leucine to fasted rats has no effect on global rates
of protein synthesis in liver, as stated by Kimball and Jefferson (2002). However, Yin et
al. (2010) reported that supplementation of leucine to a low-protein diet (10% whey
protein-based diet, 1.88% total leucine) improved protein synthesis in muscle, liver,
heart, kidney, pancreas, spleen, and stomach of young pigs.
Besides BCAAs, glutamine also received a great deal of attention (Kimball and
Jefferson, 2002). Boza et al. (2001) reported that glutamine supplementation, either as
free AA or in protein-bound form, is equally effective in stimulating protein synthesis in
jejunum. However, only the free glutamine supplementation caused an increase in protein
synthesis in muscle. Bonetto et al. (2011) reported that glutamine supplementation can
prevent protein hypercatabolism by inhibition of myostatin hyperexpression in C2C12
myotubes induced by tumor necrosis factor-α. Supplementation of glutamine to a high-fat
diet for rats induced insulin resistance in adipose tissue accompanied by the increased
hexosamine pathway activity and the improved insulin signaling in muscle and liver
(Prada et al., 2007). Apart from muscle, glutamine may stimulate the proliferation and
repair of intestinal cells predominantly via mitogen-activated protein kinases (MAPK)
pathway (Rhoads et al., 1997; Rhoads et al., 2000), but also via the mTOR pathway
(Nakajo et al., 2005).
Arginine, histidine, and lysine are three cationic AAs. Ban et al. (2004) reported
that arginine can activate the mTOR pathway in rat intestinal epithelial cells. Yao et al.
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(2008) reported that dietary supplementation of arginine increased the mTOR signaling
activity in skeletal muscle of neonatal pigs. As to histidine, Gao et al. (2015) reported that
the addition of histidine in the immortalized bovine mammary epithelial cells upregulated the milk protein synthesis through activation of mTOR pathway. No report has
been seen in the literature showing that histidine could regulate muscle protein synthesis
through mTOR pathway.
In terms of lysine, it has been demonstrated that oral administration of lysine to
fasted rats markedly suppressed the rate of muscle protein degradation at least partially
through the autophagic-lysosomal pathway (Sato et al., 2013). A further in vitro study
indicated that autophagic-lysosomal activity regulated by lysine is in part through the
activation of protein kinase B (PKB or Akt) pathway in C2C12 murine myotubes, and
that the protein synthesis may be increased by lysine through mTOR pathway (Sato et al.,
2014b). Furthermore, it was found that lysine suppresses myofibrillar protein degradation
by regulating the autophagic-lysosomal pathway via the Akt pathway, as well as the
downstream targets: mTOR and AMPK (Sato et al., 2014a). However, the regulation of
AMPK activity is not essential for the regulation of autophagy by lysine, and the
suppressive effect of lysine on AMPK phosphorylation may help up-regulate protein
synthesis by activating the mTOR pathway (Sato et al., 2014a). A recent in vivo study
with rats demonstrated that supplementation of lysine to a low-protein diet (containing
10% casein) suppressed the autophagic proteolysis through the Akt/mTOR pathway, and
continuous feeding of a lysine-rich diet may suppresses muscle mass loss caused by the
intake of a low-protein diet (Sato et al., 2015). In chickens, Tesseraud et al. (2009)
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reported that the variations in dietary lysine content altered the expression of some genes
related to lysosomal and Ca2+-dependent proteolysis of pectoralis major muscle.
Although lysine is the first limiting essential AA for muscle growth of pigs, the
cell signaling pathways that may be triggered by lysine have received less attention with
comparison to leucine or arginine. Recently, a couple of studies were conducted to study
the mechanism of lysine effect on AA transport as well as protein turnover in pigs. For
example, a feeding trial with weaned piglets showed that the expression of three cationic
AA transporters, b0,+AT, y+LAT1, and CAT1, in jejunum was affected by dietary lysine
concentration (He et al., 2013). Similarly, in growing pigs, the expression of CAT1
mRNA in jejunum was greater in the pigs fed lysine-deficient vs. lysine-adequate diet,
while the expression of b0,+AT was not different between the two diets (Morales et al.,
2014). These data indicated that dietary lysine concentration may affect AA transport,
causing difference in AA absorption, which may partly explain the different plasma AA
profile in pigs treated with different dietary lysine concentrations. However, Roy et al.
(2000) and Regmi et al. (2015a) reported that intestinal transport of lysine might not be a
limiting factor for intestinal absorption by pigs since plasma lysine concentration
accordingly increased with the increase of dietary lysine concentration.
Lysine effect on plasma hormone levels
As aforementioned, the nutrient and energy regulation of protein synthesis is
closely associated with the concomitant hormonal responses. Plasma concentrations of
hormones, such as insulin, growth hormone (GH; a.k.a. somatotropin) and insulin-like
growth factor 1 (IGF-1), are affected by nutritional status and, in turn, regulate cell and
tissue growth in animal body. All these polypeptide hormones are not fat-soluble and
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cannot penetrate cell membranes, so they exert signaling effects through binding to the
corresponding receptors on the target cells, where they further activate cell signaling
pathways to regulate gene expression and protein turnover. For example, a transient
increase in plasma insulin concentration is required for facilitating the leucine-induced
stimulation of protein synthesis in rat skeletal muscle (Buse et al., 1979; Anthony et al.,
2002). Insulin can activate insulin signaling pathway, leading to increases in
phosphatidylinositol 3-kinase (PI3K) and Akt/PKB activities, which are associated with
the phosphorylation and inhibition of the tuberous sclerosis complex (TSC2), and then
further increases mTOR kinase activity (Avruch et al., 2006; Proud, 2006).
While insulin is secreted primarily in response to the elevated blood glucose
concentration, AAs can also promote insulin secretion. Although there are large
differences among AAs in their capacities to stimulate insulin secretion, intravenous
administration of lysine can induce the release of insulin (Floyd et al., 1966). Recent
studies showed that dietary lysine supplementation has a stimulation effect on insulin
secretion, but this effect may be in a dose dependent manner. Growing barrows fed diets
containing 0.45% and 0.75% total lysine showed no difference in plasma insulin
concentration, while when dietary lysine concentration raised to 0.98%, plasma insulin
concentration was increased by 39% (Roy et al., 2000). Similarly, dietary level of total
lysine at a concentration of 0.71, 0.95 or 1.20% did not show any influence on plasma
insulin concentration of growing pigs, while 1.45% lysine in the diet significantly
increased plasma insulin concentration (Ren et al., 2007).
Somatotropic axis (a.k.a., GH-IGF1 axis), primarily consisting of GH, IGF-1, and
their associated carrier proteins and receptors, is a critical regulatory pathway for protein
14

metabolism of different tissues and muscle growth of swine, and the nutritional status of
a tissue is a key factor in regulating the function and activity of this axis (Breier, 1999).
Some studies have shown that dietary lysine concentration did not influence plasma GH
concentration, as well as plasma IGF-1 concentration of growing pigs (Takahashi et al.,
1990; Roy et al., 2000; Ren et al., 2007). In rats and nursery pigs, however, it was
reported that the plasma IGF-1 concentration was reduced after animals were fed low
lysine diets (Takenaka et al., 2000; Katsumata et al., 2002).
Lysine may work with other AAs to affect hormone release. In human studies, it
was reported that a single oral administration of lysine (1.2 g) and arginine (1.2 g)
together on an empty stomach of young men (15 to 20 years old) increased the release of
GH and insulin to the blood (Isidori et al., 1981). However, a single oral dose of lysine (3
g) and arginine (3 g) to old men (69  5 years old) did not increase the serum GH or IGF1 levels (Corpas et al., 1993). In primiparous sows, high dietary lysine concentration
increased postprandial concentrations of insulin and IGF-1, in which the effect was from
a combination of lysine and other AAs (Yang et al., 2000). The different results obtained
by different researchers on how dietary lysine affect the secretion of GH and IGF-1 may
be due to various factors that include different animal species, different growing stages,
and different doses of dietary lysine used.
Thyroid hormones have a broad range of functions on nutrient metabolism and
growth and development of animals (Epstein and Brent, 1994). A primary product
secreted by thyroid is thyroxin (T4) that is metabolically relatively inactive and can be
converted to the more active form, triiodothyronine (T3), by type I and type II
iodothyronine deiodinases (Pande and Parvin, 1980; Oppenheimer, 1983). A less plasma
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total T3 concentration was observed in growing barrows fed a lysine supplemented diet,
and greater plasma T4 concentrations were found in these barrows fed either a lysine
deficient or a lysine excess diet (Roy et al., 2000). Although the physiological changes of
total T3 and T4 levels are difficult to interpret and to make a connection to protein
synthesis (Roy et al., 2000), some studies have showed that T4 can increase liver
carnitine activity in rats (Pande and Parvin, 1980) and dietary lysine deficiency can lead
to less carnitine content in the heart and skeletal muscle of rats (Tanphaichitr and
Broquist, 1973), and excess lysine can increase the content of trimethyllysine, a carnitine
precursor, in both plasma and skeletal muscle of rats (Davis et al., 1993). As lysine is an
important substrate for carnitine synthesis in animal body (Vaz and Wanders, 2002), it
can be postulated that dietary lysine may regulate carnitine generation via thyroid
hormones in animal body. Since skeletal muscle contains a greater amount of carnitine as
compared to other tissues (Bremer, 1983), lysine may affect skeletal muscle protein
turnover via the regulation of energy partitioning by carnitine.
Lysine effect on nutrient metabolism
Like other AAs in animal tissues, lysine also undergoes two types of metabolic
transformations, anabolism and catabolism. In terms of anabolism, lysine is an important
substrate for biosyntheses of numerous body proteins, peptides, and non-peptide
molecules (Liao et al., 2015). The functions of positively charged lysine residue in
proteins include receptor affinity, endoplasmic reticulum retention, protease cleavage
points, enzyme catalysis, nuclear structure and function, and muscle function as well, as
described by Flodin (1997). Some other metabolic and physiological functions of lysine
associated with lysine-containing proteins and peptides have been reviewed elsewhere,
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and so have been done for those non-peptide molecules generated from lysine (Liao et al.,
2015). In terms of catabolism, lysine is a strict ketogenic AA for it cannot be used for
gluconeogenesis. Lysine in excess of the body needs for anabolism can be catabolized
with energy release (Liao et al., 2015). Lysine catabolism occurs mostly in liver, while
other tissues like intestine, muscle and brain also contributes to whole body lysine
catabolism (Pink et al., 2011). A more detailed process of lysine catabolism has been
reviewed by Wu (2013) and Liao et al. (2015).
As is known, muscle protein turnover is, in fact, a constant dynamic process of
nutrient metabolism which especially involves AA and energy metabolism (Therkildsen
and Oksbjerg, 2009). Within the overall nutrient metabolic pathways, AAs are directly or
indirectly related to each other, and the blood plasma AA profile reflects the sum of AA
metabolite flow across all organs and tissues. Therefore, the plasma AA profile can be
used as an index to echo the metabolic and physiological status of an animal. For
example, a ratio of BCAAs to aromatic AAs is a useful marker of liver fibrosis (Soeters
and Fischer, 1976). Some diseases, such as liver failure and muscle dysfunction, are, as
reported, associated with abnormal plasma AA profile (Shikata et al., 2007).
A study of the conventional flow-based metabolic pathway structure in rats
showed that a single AA deficiency can affect blood plasma AA profile, for which lysine
is located at the top control level, affects the metabolism of almost all other AAs, but is
not affected by others (Shikata et al. 2007). Dietary lysine supplementation can affect
plasma AA profile of pigs. Braude et al. (1974) performed a feeding trial with growing
pigs fed diets based on cereals and groundnut meal and supplemented with graded
amounts of lysine. They found that the plasma concentration of lysine increased linearly
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over a wide range of dietary lysine content, but the concentrations of most other AAs
were unaffected. Similarly, Roy et al. (2000) studied plasma AA profiles of growing
barrows fed diets deficient, adequate or excess in lysine, and found that the plasma lysine
concentration increased, whereas the concentrations of isoleucine, taurine, threonine and
valine decreased, as the dietary lysine concentration was increased. The plasma
concentration of histidine decreased in pigs fed either lysine deficient or excess diet,
while the concentration of serine increased.
Recently, Regmi et al. (2015a) found in late-stage finishing pigs that dietary
lysine affected the plasma concentrations of 13 AAs in five distinct change patterns. As
pattern 1, the plasma concentration of lysine increased linearly as dietary lysine was
increased. As pattern 2, the plasma concentration of histidine, threonine, phenylalanine,
isoleucine, valine, arginine, or citrulline was lower in pigs fed a lysine-adequate or excess diet than in pigs fed a lysine-deficient diet. As pattern 3, the plasma concentration
of alanine, glutamic acid, or glycine of pigs fed the lysine-adequate or -excess diet was
greater than that of pigs fed the lysine-deficient diet. The change of plasma
concentrations of leucine and asparagine followed patterns 4 and 5, which were two
slightly different patterns, both of which are similar to pattern 1.
In addition to AAs, lysine also affects the metabolism of other nutrients, such as
minerals and lipids in pigs. Dietary lysine supplementation can regulate Ca2+ metabolism
(specifically, enhancing intestinal Ca2+ absorption) and improve the renal conservation of
the absorbed Ca2+ (Civitelli et al., 1992). A greater plasma cholesterol concentration was
detected in growing pigs fed a lysine-deficient diet vs. a lysine-adequate or -excess diet
(Regmi et al., 2015b). Similar results were found in rats as well. Supplementation of
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lysine to a control diet fed to rats decreased the serum cholesterol level by approximately
29%, while the cholesterol level was recovered after the rats was switched back to the
control diet (Jarowski and Pytelewski, 1975). As aforementioned, dietary concentration
of lysine has a strong association with the content of intramuscular fat of pigs (Witte et
al., 2000; Bidner et al., 2004; Kobayashi et al., 2012; Tous et al., 2014), which suggested
that dietary lysine can affect lipid metabolism of pigs.
Conclusions and perspectives
Lysine is the first limiting essential AA in conventional grain based swine diets. It
serves as a substrate for generation of body proteins, peptides and non-peptide molecules.
Supplementation of lysine to swine diets has been reported to be beneficial for swine
protein turnover, growth performance, and carcass characteristics. The increase in muscle
protein accretion may be due to a greater increase in the rate of protein synthesis than that
of degradation, which is associated with the influence of lysine on nutrient metabolism.
Although it has been recognized that the metabolism of some nutrients, especially some
AAs, can be affected by dietary lysine, which metabolic pathways or which metabolic
enzymes were affected by dietary lysine are still not clear.
Research results regarding dietary lysine effects on hormone secretion were not
consistent in the literature, and the connections between hormone release and protein
turnover are still not clear. It is known that the machinery of muscle protein accretion is
regulated by the physiological cell signaling pathways such as mTOR and AMPK
pathways; however, how dietary lysine affects cell signaling pathways and the
connections between the cell signaling pathways and hormone release, as well as the
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concomitant regulation mechanisms of cell signaling pathways and hormones on protein
metabolism warrant further investigation.
Considering the nutritional and economic values of pork in human health and life,
it has an urgent need to thoroughly understand the nutritional and physiological function
and mechanisms of dietary lysine in regulating swine muscle protein accretion.
Increasing our understanding of the metabolic and molecular mechanisms by which
lysine regulates swine muscle accretion can provide a sound scientific basis required for
developing innovative nutritional strategies to enhance swine production efficiency. With
the emergence of various high throughput research techniques, such as RNA microarray,
RNA-sequencing, and proteomics analyses, to study gene expression and the molecular
interactions among genes, more researches using these advanced techniques are needed to
investigate the physiological function of lysine and its protein turnover regulatory
mechanisms in skeletal muscle as well as in the whole body system.
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EFFECT OF DIETARY LYSINE FED TO PIGS AT LATE FINISHING STAGE ON
MARKET-VALUE ASSOCIATED CARCASS CHARACTERISTICS
Abstract
The objective of this study was to evaluate the effect of dietary lysine on growth
performance and carcass characteristics of late finishing pigs. Nine barrows were
randomly allotted to 3 treatments (3 pigs/treatment). Three corn and soybean-meal based
diets were formulated according to the NRC (2012) nutrient requirements except for
lysine, whose contents were 0.43%, 0.71% and 0.98% for Diets 1 (lysine deficient), 2
(lysine adequate), and 3 (lysine excess), respectively. The feeding trial lasted 5 weeks.
Results showed that pigs fed Diet 1 had a less average daily gain (P = 0.03) and greater
feed gain ratio (P = 0.002) than pigs fed Diet 2 or Diet 3. Both hot and chilled carcass
weights tended to increase linearly (P = 0.09) with increasing dietary lysine
concentration. Loin eye area of pigs fed Diets 2 and 3 were increased (P = 0.04) by 18%
and 9%, respectively, when compared with pigs fed Diet 1. Both trimmed and untrimmed
ham weights of pigs fed Diets 2 and 3 were increased (P < 0.01) by 21% compared to
pigs fed Diet 1. Both dressing percentage and total lean cut weight increased linearly (P =
0.04) with increasing dietary lysine concentration. Back-fat thickness, belly weight, and
visual scores for loin color and loin marbling were not affected (P > 0.01) by dietary
lysine concentration. These data indicated that there is still opportunity for further
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improvement of overall carcass merit via increasing dietary lysine supply for pigs during
late finishing stage, which suggested more dietary lysine supply over the NRC (2012)
recommended level may benefit swine and meat industries by improving the market
value of the pigs.
Keywords: Lysine, Finishing pig, Carcass characteristics
This chapter has been published in J. Anim. Vet. Adv. 2015. 14: 232-236.
Introduction
While the carcass characteristics of pigs are determinants of pork quality and
quantity, and are directly associated with market value of pigs (Marcoux et al., 2007),
pork quality and quantity largely depend on the quantity of skeletal muscle tissue which
is pertinent to the accretion of proteins, the major chemical component of pork. Protein
deposition or accretion requires dietary supply of amino acids (AAs) which function as
building blocks for protein biosynthesis. While lysine, an essential dietary AA, is the
most abundant AA in body protein gain of growing-finishing pigs (7.1 g lysine per 100 g
protein) (NRC, 2012), it is usually the first limiting AA in grain based swine diets
because cereal grains are low in lysine content relative to swine requirement for lysine.
For example, sorghum, corn, wheat, and barley contain approximately 0.20%, 0.25%,
0.35%, and 0.40% lysine, respectively (NRC, 2012), which alone cannot meet pigs’
requirement at any given stage. Moreover, among all plasma AAs, lysine is located at the
top control level, which affects the concentrations of most other AAs (Shikata et al.,
2007). Therefore, dietary lysine at different concentrations would affect plasma
concentrations of not only lysine but also other AAs as well, causing difference in pig
muscle growth and carcass characteristics.
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Dietary lysine requirement of pigs at late finishing stage is less than that of
younger stage, yet it is the last but not least stage when producers can use nutritional
measures to maximize pigs’ growth performance and carcass quantity and quality
(Friesen et al., 1994; Hahn et al., 1995; Apple et al., 2004). Some previous studies that
focused on the effect of dietary lysine on the growth performance and carcass
characteristics of finishing pigs have been conducted (Castell et al., 1994; Friesen et al.,
1994; Unruh et al., 1996; Loughmiller et al., 1998; De la Llata et al., 2002). In these
studies, however, the dietary concentrations of other AAs were adjusted in different ratios
to lysine based on an ideal protein model. This ratio adjustment is necessary for applying
the ideal protein concept (Baker et al., 1993; Baker, 1997) in swine feeding practice, but
the adjustment makes it difficult to attribute the observed effects on growth performance
and carcass characteristics to dietary lysine alone. Thus, the objective of this study was to
evaluate the effect of lysine, which is the only variable in the diet, on the growth
performance and carcass characteristics of late finishing pigs.
Materials and Methods
Animal Trial Procedures
All experimental protocols involving care, handling, and treatment of pigs were
approved by Mississippi State University Institutional Animal Care and Use Committee.
A total of 9 crossbred barrows (Large White × Landrace) with an average initial body
weight (BW) 94.4 ± 6.7 kg were housed in an environment controlled swine barn at the
Leveck Animal Research Center of Mississippi State University. These pigs were
randomly assigned to 9 individual feeding pens, and then randomly assigned to 3
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treatment groups according to a completely randomized experimental design. Each
treatment consisted of three pen replicates with one pig per pen.
A corn and soybean meal based diet (Diet 1; lysine-deficient diet) was formulated
to meet or exceed the NRC (2012) recommended requirements for various nutrients,
except for lysine. Diet 2 (lysine-adequate diet) and Diet 3 (lysine-excess diet) were
formulated by adding L-lysine monohydrochloride (98.5%; Archer Daniels Midland Co.,
Quincy, IL) to Diet 1 at the expense of corn at the ratios of 0.35% and 0.70%,
respectively (Table 2.1). The total lysine contents (calculated, as-fed basis) in Diets 1, 2,
and 3 were 0.43%, 0.71%, and 0.98%, respectively. To confirm the contents of lysine,
samples of the three dietary treatments were submitted to Dr. Guoyao Wu’s laboratory at
Texas A&M University (College Station, TX) for AA analysis, which was shown in
Table 2.2.
The feeding trial lasted five weeks, during which time the pigs were allowed ad
libitum access to the experimental diets and fresh water. All the pigs, feeders, and
waterers were checked 2 to 3 times on a daily basis (6:00 am to 7:00 pm). All pigs and
experimental diets were weighed individually each week during the feeding period. Pig
BW and feed weight were then used for calculation of average daily gain (ADG), average
daily feed intake (ADFI), and feed gain ratio (F : G).
Carcass Measurements
At the end of the feeding trial, pigs were harvested at the Mississippi State
University Meat Science and Muscle Biology Laboratory to determine carcass
characteristics (NPPC, 2000). Briefly, pigs were stunned by electrical shock,
exsanguinated, and de-haired. After the head and feet were removed, the hot carcasses
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were eviscerated and split longitudinally into two halves. The hot carcass weight was
taken prior to storing in a below 4C cooler, and the dressing percentage was calculated
by dividing the hot carcass weight by the live weight and multiplying by 100.
After a 24 h storing, the chilled carcass was weighed, and the carcass length was
measured from the anterior edge of the first rib to the anterior edge of the aitch bone. The
right half of each pig was then separated into five primal cuts which were ham, Boston
butt, picnic, loin, and belly (NAMP, 2007). The ham was separated from the carcass by a
straight cut approximately perpendicular to a line parallel to the shank bones. The cut
passed through a point which is between 3.8 and 8.8 cm from the anterior edge of the
aitch bone. The shoulder composed of Boston butt and picnic was separated from the
carcass side by a straight cut that was approximately perpendicular to the length of the
side and posterior to the elbow. Boston butt and picnic were then separated by a straight
cut, dorsal to the shoulder joint, at a right angle with the belly side. The belly was
prepared by a straight cut that extends from a point that was ventral to the longissimus on
the shoulder end to a point on the leg end ventral to the tenderloin. The loin was the top
portion of the side remaining after removal of the ham, shoulder and belly.
Each of the primal cuts was weighed separately, and the total weight of the
Boston butt, picnic, loin, and trimmed ham from a whole carcass made up a total lean cut
weight. The total lean cut weight divided by the chilled carcass weight and multiplied by
100 gave a lean cut percentage of a carcass. The back-fat thickness was measured at the
10th rib, and the average back-fat thickness was obtained by averaging three
measurements at the first rib, the last rib, and the last lumbar vertebra.
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The loin eye was scored for color, firmness and marbling. The loin eye color was
subjectively evaluated using a 5-point scale, ranking from 1 (pale, soft, and devoid of
marbling) to 5 (dark, firm, and moderately abundant or greater marbling). The loin eye
area was measured by using a Plastic Grid (Product Number AS 0235E, Extension and
Outreach, Iowa State University, Ames, IA). Briefly, the grid was first placed over a
tracing of a loin eye, the dots on the grid that fall into the boundaries of loin eye tracing
were counted and, then the dot numbers were converted to loin eye area (cm2).
Statistical Analyses
Experimental data were statistically analyzed using the General Linear Model
(GLM) Procedure of SAS (version 9.3; SAS Institute Inc., Cary, NC) with lysine level
being the main effect. Orthogonal polynomial contrasts were used to analyze the linear
and quadratic effects of the dietary treatment. Probability values (P) less than 0.05 were
considered as significant differences and the P values between 0.05 and 0.10 were
considered as tendencies to be different.
Results and Discussion
The effect of dietary lysine on growth performance of finishing pigs is shown in
Table 2.3. As expected, there were no differences in the initial BW (P = 0.83) among the
three dietary treatment groups. Although the final BWs of the three treatment groups
were not different (P = 0.16), the ADG showed a quadratic (P = 0.03) relationship with
the dietary lysine concentrations. Average daily gain of pigs fed Diet 2 and Diet 3 were
41% and 35% greater than the pigs fed Diet 1, respectively. Average daily feed intake
was not affected (P > 0.10) by dietary lysine concentrations, while F : G ratio, which was
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calculated from ADFI and ADG, showed a quadratic (P = 0.002) relationship with the
dietary lysine concentrations. Feed gain ratio of pigs fed Diet 2 and Diet 3 were 37% and
35% less than the pigs fed Diet 1, respectively.
These growth performance data indicated that although dietary lysine
concentrations did not affect ADFI of finishing pigs, the lysine-adequate and lysineexcess diets can increase ADG and decrease F : G of pigs compared to lysine-deficient
diet. Based on the classical ideal protein concept (Baker et al., 1993; Baker, 1997), the
lower concentration of dietary lysine can lead to unbalanced AA ratios of a diet, causing
the lack of lysine for body protein synthesis, while an adequate lysine supply in
combination with its correct ratios with other AAs can lead to a balanced diet, resulting in
a greater ADG of pigs. It is interesting to point out that the ADG of pigs fed a lysineadequate diet in this study was much higher than the NRC (2012) estimated ADG (1.40
vs. 0.87 kg day-1), which might reflect that the modern genetic line of pigs used in this
study had a higher growth potential during the late finishing stage.
Dietary lysine concentrations did not influence ADFI, which was supported by
several previous studies (Goodband et al., 1990; Witte et al., 2000; Bidner et al., 2004;
Tous et al., 2014). Thus, increased ADG at uninfluenced ADFI was the major reason for
the improved efficiency of feed conversion in terms of F : G ratio of pigs fed a lysineadequate diet and lysine-excess diet. In general, oral lysine intake is well tolerated by
pigs and toxicity of lysine seldom develops (Liao et al., 2015). Excess dietary lysine
beyond NRC (2012) recommendation can be absorbed into blood circulation, causing
increased level of free lysine in plasma (Regmi et al., 2015), which may further stimulate
body muscle protein biosynthesis. Therefore, it can be postulated that the other AA
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contents and the energy density in a lysine-excess diet for modern faster growing pigs
may become limiting factors that restrict pigs’ growth potential.
The effect of dietary lysine at different levels on the carcass characteristics of
finishing pigs is shown in Table 2.4. Both hot and chilled carcass weights tended to
increase linearly (P < 0.10) with increased dietary lysine concentrations, which was in
agreement with the improvement of ADG of these pigs. Furthermore, although there were
no differences (P = 0.79) in carcass length among three dietary treatments, the dressing
percentage of pigs was increased linearly with increased dietary lysine concentrations (P
= 0.04), which was consistent with the result of hot carcass weights. Cisneros et al.
(1996) and Bidner et al. (2004) reported that feeding lysine-deficient diets reduced the
dressing percentages of finishing pigs. Intriguingly, the present study showed that dietary
inclusion of lysine at a level that is in excess of the NRC (2012) recommendation could
further increase the dressing percentage of pigs at the late finishing stage.
Back-fat thickness (at the 10th rib and the average) was not affected (P = 0.17 to
0.70, respectively) by dietary lysine at three different levels (Table 2.4). Goodband et al.
(1990) reported similar results that the back-fat measurement was not affected by dietary
lysine level among the porcine somatotropin treated finishing pigs. However, these
results were not consistent with other studies which showed that lower concentrations of
dietary lysine increased back fat thickness (Witte et al., 2000; Bidner et al., 2004; Tous et
al., 2014). Theoretically, a diet deficient in lysine may allow more energy (saved from the
expenditure of energy for body protein synthesis and the energy released from the
catabolism of other extra AAs) for fat deposition, yet the main reason for the discrepancy
between this study and some previous studies might be because the pigs used in this
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study still maintain a high lean growth (instead of fat deposition) potential as was
discussed above.
Also as shown in Table 2.4, dietary lysine at different concentrations did not
affect the loin color (P = 1.00) and the loin marbling score (P = 0.51), which is in
agreement with Witte et al. (2000) who reported that there was no differences in the
marbling score and the subjective meat color between two levels of dietary lysine.
Although the loin weight was numerically increased (P = 0.14) with increased dietary
lysine concentrations, it was found that the loin eye area had a quadratic relationship (P =
0.04) to dietary lysine concentrations, in which the loin eye areas of pigs fed Diets 2 and
3 were increased by 18% (6.2 cm2) and 9% (3.2 cm2) when compared to the pigs fed Diet
1, respectively. This result was supported by Goodband et al. (1990) who observed a
similar quadratic relationship between loin eye area and dietary lysine concentration.
That the lysine-deficient diet decreased loin eye area observed in this study is in
agreement with two previous studies that reported reductions in loin eye area of pigs fed
low-lysine diets (Witte et al., 2000; Bidner et al., 2004). Loin eye area has a direct
relation to the body lean mass accretion (Zobrisky et al., 1959), and the increased loin eye
area in the pigs fed the lysine-adequate or the lysine-excess diet relative to lysinedeficient diet may be a result of the improved protein accretion and muscle growth.
While the belly weight was not changed (P = 0.37) by the dietary lysine level,
both Boston butt and picnic weights tended to increase (P  0.10) with the increased
dietary lysine concentrations (Table 2.4). Both the trimmed and untrimmed ham weights
increased linearly (P < 0.01) in accordance with the dietary lysine concentrations, and
numerically both the trimmed and untrimmed ham weights of the pigs fed Diets 2 and 3
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increased by approximately 21% compared to the pigs fed Diet 1. It was reported that
within a certain range among somatotropin treated finishing pigs the ham weights
increased with increasing dietary lysine level (Goodband et al., 1990), and this report
supports our result about the ham weights in this study.
Total lean cut weight increased linearly (P = 0.04) along with increased dietary
lysine concentrations (Table 2.4). That the adequate and excess dietary lysine linearly
increases the dressing percentage and total lean cut weigh, but not back-fat thickness,
holds a very important significance in terms of pork quality and human nutrition and
health. In addition to the linearly-increased total lean cut weight and the tendency of
increasing carcass weights, the lean cut percentage appeared to be linearly increased (P =
0.07) with the increased dietary lysine concentrations. Considering that the market value
of a pig carcass is greatly affected by the weight and percentage of the total lean cut, a
greater concentration of dietary lysine than the NRC (2012) recommended level for pigs
at late finishing stage may further increase the market value of the pigs.
Conclusion
Increasing dietary lysine concentration linearly increased the carcass dressing
percentage, the ham weights, and the total lean cut weight of the late stage finishing pigs.
These results not only confirmed the importance of dietary lysine supply for the carcass
quantity and quality of market pigs, but also indicated that there is still an opportunity for
further improving the overall carcass value via increasing dietary lysine supply. This
conclusion further suggests that more dietary lysine supply over the NRC (2012)
recommended level for the finishing pigs at the late stage may further benefit swine and
meat industries by improving the market value of the pigs.
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Table 2.1

Composition of experimental diets fed to finishing pigs (as-fed basis)1
Diet 1

Diet 2

Diet 3

Ingredients (%)
Corn
90.844
90.494
90.144
Soybean meal
6.400
6.400
6.400
Canola oil
0.800
0.800
0.800
L-Lysine-HCl (98.5%)
0.000
0.350
0.700
DL-Methionine (99%)
0.040
0.040
0.040
L-Threonine (98.5%)
0.090
0.090
0.090
L-Tryptophan (99%)
0.035
0.035
0.035
Limestone
0.650
0.650
0.650
Dicalcium phosphate
0.900
0.900
0.900
Salt
0.200
0.200
0.200
2
Mineral premix
0.033
0.033
0.033
Vitamin premix3
0.008
0.008
0.008
Total
100.00
100.00
100.00
Composition4
Metabolizable energy (kcal/kg)
3319
3323
3326
Crude Protein (%)
10.4
10.7
11.0
Total Lysine (%)
0.43
0.71
0.98
Total Methionine (%)
0.24
0.24
0.24
Total Threonine (%)
0.50
0.50
0.50
Total Tryptophan (%)
0.14
0.14
0.14
Total Ca (%)
0.46
0.46
0.46
Total P (%)
0.43
0.43
0.43
1
Diets 1, 2, and 3 were formulated to contain dietary lysine at 0.43%, 0.71%, and 0.98%
(as-fed basis), respectively, of which Diets 2 and 3 were formulated by adding 0.35% and
0.70% L-lysine-HCl (Archer Daniels Midland Co., Quincy, IL) to Diet 1 at the expense
of corn.
2
The mineral premix contained 13.2% Ca, 1.0% Cu, 8.0% Fe, 5.0% Mn, 10.0% Zn, 500
ppm I, and 300 ppm Se.
3
Each kilogram of vitamin premix contained the following: 22.05 million IU vitamin A,
3.31 million IU vitamin D3, 66,138 IU vitamin E, 88 mg vitamin B12, 220 mg biotin,
8,818 mg menadione, 15,432 mg riboflavin, 61,728 mg d-pantothenic acid, and 88,183
mg niacin.
4
Calculated major nutrients.
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Table 2.2

Analyzed amino acid contents of three experimental diets fed to finishing
pigs (as-fed basis)

Amino acids (%)
Lysine
Alanine
Arginine
Asparagine
Aspartic acid
Cysteine
Glycine
Glutamic acid
Glutamine
Histidine
Isoleucine
Leucine
Methionine
Phenylalanine
Proline
Serine
Threonine
Tryptophan
Tyrosine
Valine

Diet 1
0.42
0.81
0.73
0.74
0.98
0.26
0.61
1.01
1.42
0.34
0.52
1.42
0.25
0.66
1.08
0.53
0.50
0.14
0.52
0.65
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Diet 2
0.70
0.83
0.74
0.75
0.97
0.26
0.62
1.03
1.44
0.33
0.52
1.44
0.25
0.65
1.07
0.52
0.51
0.13
0.52
0.66

Diet 3
1.01
0.82
0.74
0.75
0.98
0.30
0.62
1.03
1.43
0.34
0.53
1.45
0.26
0.66
1.09
0.54
0.50
0.14
0.53
0.65

Table 2.3

Effect of dietary lysine at different levels on growth performance of
finishing pigs1
Diet2

P value3

Parameters Measured
Diet 1
Diet 2
Diet 3
SE
Linear Quadratic
Initial BW (kg)
94.0
93.9
95.4
4.41
0.834
0.883
Final BW (kg)
128.7
143.0
142.3
5.93
0.158
0.339
-1
ADG (kg day )
0.99
1.40
1.34
0.07
0.012
0.030
4
ADFI (kg)
5.25
4.68
4.64
0.23
0.104
0.384
F:G
5.33
3.34
3.46
0.16 0.0002
0.002
1
Each value represents a mean calculated from 3 individually penned pigs for each
dietary treatment. SE = standard error, BW = body weight, ADG = average daily gain,
ADFI = average daily feed intake, F : G = feed gain ratio.
2
The levels of total dietary lysine were 0.43%, 0.71%, and 0.98% for Diets 1, 2, and 3,
respectively (as fed basis).
3
P values were obtained from the orthogonal polynomial contrast analyses.
4
Average daily feed intake was not adjusted for feed wastage.
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Table 2.4

Effect of dietary lysine at different levels on carcass characteristics of
finishing pigs1

Diet2
P value3
Parameters Measured
Diet 1
Diet 2
Diet 3
SE
Linear Quadratic
Hot Carcass (kg)
95.3
109.6
111.3
5.51
0.085
0.382
Chilled Carcass (kg)
91.2
104.0
105.8
5.27
0.097
0.425
Dressing Percentage (%)
73.9
76.6
78.2
1.13
0.036
0.738
Carcass Length (cm)
88.3
88.5
88.9
1.43
0.788
0.949
th
Back-fat 10 Rib (cm)
3.05
3.39
3.89
0.38
0.168
0.862
Back-fat Average (cm)
2.94
2.82
3.08
0.24
0.703
0.555
Loin Color
3.00
2.67
3.00
0.19
1.000
0.207
Loin Marbling Score
2.67
2.33
2.33
0.33
0.506
0.697
Loin Weight (kg)
16.9
19.2
19.8
1.23
0.135
0.586
Loin Eye Area (cm2)
34.3
40.5
37.5
1.47
0.173
0.044
Belly Weight (kg)
8.98
9.23
10.1
0.82
0.366
0.758
Boston Butt Weight (kg)
6.96
8.32
8.54
0.58
0.101
0.458
Picnic Weight (kg)
8.59
9.22
9.83
0.46
0.108
0.966
Untrimmed Ham (kg)
19.4
23.4
23.5
0.68
0.006
0.067
Trimmed Ham (kg)
18.4
22.2
22.4
0.63
0.004
0.057
Lean Cut Weight (kg)
50.8
58.9
60.6
2.69
0.042
0.366
Lean Cut Percent (%)
55.7
56.6
57.2
0.68
0.066
0.733
1
Each value represents a mean calculated from 3 individually penned pigs for each
dietary treatment. SE = standard error.
2
The levels of total dietary lysine were 0.43%, 0.71%, and 0.98% for Diets 1, 2, and 3,
respectively (as fed basis).
3
P values were obtained from the orthogonal polynomial contrast analyses.

44

References
Apple, J. K., C. V. Maxwell, D. C. Brown, K. G. Friesen, R. E. Musser, Z. B. Johnson,
and T. A. Armstrong. 2004. Effects of dietary lysine and energy density on
performance and carcass characteristics of finishing pigs fed ractopamine. J.
Anim. Sci. 82: 3277-3287.
Baker, D. H., J. D. Hahn, T. K. Chung, and Y. Han. 1993. Nutrition and growth: the
concept and application of an ideal protein for swine growth. In: G.R. Hollis
(editor), Growth of the Pig. CAB International Wallingford, OX (UK), pp. 133139.
Baker, D. H. 1997. Ideal amino acid profiles for swine and poultry and their application
in feed formulation. BioKyowa Technical Review 9, Nutri-Quest Inc.,
Chesterfield, MO, pp. 1-24.
Bidner, B. S., M. Ellis, D. P. Witte, S. N. Carr, F. K. McKeith. 2004. Influence of dietary
lysine level, pre-slaughter fasting, and rendement napole genotype on fresh pork
quality. Meat Sci. 68: 53-60.
Castell, A. G., R. L. Cliplef, L. M. Poste-Flynn, and G. Butler. 1994. Performance,
carcass and pork characteristics of castrates and gilts self-fed diets differing in
protein content and lysine:energy ratio. Can. J. Anim. Sci. 74: 519-528.
Cisneros, F., M. Ellis, D. H. Baker, R. A. Easter, and F. K. McKeith. 1996. The influence
of short-term feeding of amino acid-deficient diets and high dietary leucine levels
on the intramuscular fat content of pig muscle. Anim. Sci. 63: 517-522.
De la Llata, M., S. S. Dritz, M. D. Tokach, R. D. Goodband, and J. L. Nelssen, 2002.
Effects of increasing L-lysine HCl in corn- or sorghum-soybean meal-based diets
on growth performance and carcass characteristics of growing-finishing pigs. J.
Anim. Sci. 80: 2420-2432.
Friesen, K. G., J. L. Nelssen, J. A. Unruh, R. D. Goodband, and M. D. Tokach. 1994.
Effects of the interrelationship between genotype, sex, and dietary lysine on
growth performance and carcass composition in finishing pigs fed to either 104 or
127 kilograms. J. Anim. Sci. 72: 946-954.
Goodband, R. D., J. L. Nelssen, R. H. Hines, D. H. Kropf, R. C. Thaler, B. R. Schricker,
G. E. Fitzner, and A. J. Lewis. 1990. The effects of porcine somatotropin and
dietary lysine on growth performance and carcass characteristics of finishing
swine. J. Anim. Sci. 68: 3261-3276.
Hahn, J. D., R. R. Biehl, and D. H. Baker. 1995. Ideal digestible lysine level for earlyand late-finishing swine. J. Anim. Sci. 73: 773-784.
45

Liao, S. F., T. Wang, and N. Regmi. 2015. Lysine nutrition in swine and the related
monogastric animals: muscle protein biosynthesis and beyond. SpringerPlus 4:
147-158.
Loughmiller, J. A., J. L. Nelssen, R. D. Goodband, M. D. Tokach, E. C. Titgemeyer, and
I. H. Kim. 1998. Influence of dietary lysine on growth performance and carcass
characteristics of late-finishing gilts. J. Anim. Sci. 76: 1075-1080.
Marcoux, M., C. Pomar, L. Faucitano, and C. Brodeur. 2007. The relationship between
different pork carcass lean yield definitions and the market carcass value. Meat
Sci. 75: 94-102.
NAMP, 2007. The Meat Buyer’s Guide. John Wiley& Sons Inc., Hoboken, NJ, pp. 141149.
NPPC, 2000. Pork Composition and Quality Assessment Procedures. ed. by E.P. Berg,
Des Moines, IA.
NRC, 2012. Nutrient Requirements of Swine. 11th Revised Edition. The National
Academies Press. Washington, DC.
Regmi, N., T. Wang, M. A. Crenshaw, B. J. Rude, and S. F. Liao. 2015. Effect of dietary
lysine on plasma amino acid profile of finishing pigs. J. Anim. Sci. 93, E-Suppl.
2, 186 (Abstr.).
Shikata, N., Y. Maki, Y. Noguchi, M. Mori, T. Hanai, M. Takahashi, and M. Okamoto.
2007. Multi-layered network structure of amino acid (AA) metabolism
characterized by each essential AA-deficient condition. Amino Acids 33: 113121.
Tous, N., R. Lizardo, B. Vila, M. Gispert, I. F. M. Font, and E. Esteve-Garcia. 2014.
Effect of reducing dietary protein and lysine on growth performance, carcass
characteristics, intramuscular fat, and fatty acid profile of finishing barrows. J.
Anim. Sci. 92: 129-140.
Unruh, J. A., K. G. Friesen, S. R. Stuewe, B. L. Dunn, J. L. Nelssen, R. D. Goodband,
and M. D. Tokach. 1996. The influence of genotype, sex, and dietary lysine on
pork subprimal cut yields and carcass quality of pigs fed to either 104 or 127
kilograms. J. Anim. Sci. 74: 1274-1283.
Witte, D. P., M. Ellis, F. K. McKeith, and E. R. Wilson. 2000. Effect of dietary lysine
level and environmental temperature during the finishing phase on the
intramuscular fat content of pork. J. Anim. Sci. 78: 1272-1276.
Zobrisky, S. E., D. E. Brady, J. F. Lasley, and L. A. Weaver. 1959. Significant
relationships in pork carcass evaluation. J. Anim. Sci. 18: 420-426.
46

A SYSTEMS BIOLOGY APPROACH USING TRANSCRIPTOMIC DATA REVEALS
GENES AND PATHWAYS IN PORCINE SKELETAL MUSCLE AFFECTED BY
DIETARY LYSINE LEVEL
Abstract
Dietary lysine supplementation can improve swine growth performance,
especially nitrogen retention, while dietary lysine deficiency can negatively affect swine
growth performance and carcass characteristics. However, the underlying metabolic and
molecular mechanisms by which dietary lysine regulates muscle protein accretion and
carcass quality are still unclear. The objective of this study was to explore the effect of
dietary lysine on the metabolic and cell signaling pathways associated with the growth
performance, especially, the muscle growth, of finishing pigs. Nine crossbred barrows
(94.4  6.7 kg BW) were randomly assigned to 3 dietary treatments (lysine-deficient, adequate, and -excess diets). After 5 weeks of feeding, a muscle sample was collected
from longissimus dorsi muscle of each pig, and total RNA was extracted from each
sample. The Porcine Gene 1.0 ST Array (Affymetrix, Inc.) was used for microarray
analysis to quantify the expression levels of 19,211 genes. Results showed that a total of
674 transcripts were differentially expressed (P < 0.05); 60 out of 131 transcripts (P <
0.01) belong to 59 genes were annotated in the NetAffx database. Ingenuity pathway
analysis of this 59-gene set showed that dietary lysine deficiency may lead to (1)
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increased muscle protein degradation via the ubiquitination pathway as indicated by the
up-regulated DNAJA1, HSP90AB1 and UBE2B mRNA levels, (2) reduced muscle
protein synthesis via the upregulation of RND3 and ZIC1 mRNA levels, (3) increased
serine and glycine synthesis in the muscle as indicated by the increased PHGDH and
PSPH mRNA levels, and (4) increased lipid accumulation via the increased expression of
ME1, SCD, and CIDEC mRNA levels. Dietary lysine excess may lead to (1) decreased
muscle protein degradation via the downregulation of DNAJA1, HSP90AA1, HSPH1,
and UBE2D3 mRNA levels, and (2) reduced lipid biosynthesis via the decreased
expression of CFD and ME1 mRNA in the muscle. Collectively, lysine may function as a
signaling molecule to regulate protein turnover and lipid metabolism in the skeletal
muscle of finishing pigs.
Keywords: Lysine, Finishing pig, Skeletal muscle, Microarray analysis, Gene
expression
Introduction
The growth and development of skeletal muscle of pigs essentially requires
dietary supply of proteins, or amino acids (AAs), to be exact. Of the 20 AAs that serve as
building blocks for protein biosynthesis, lysine makes up the biggest part of the body
protein gain of growing-finishing pigs (7.1 g lysine per 100 g body protein; NRC, 2012),
but lysine is typically the first limiting AA in conventional grain based swine diets
(Austin, 2000; NRC, 2012). In the meantime, lysine is a truly essential AA for pig’s life
because it cannot be de novo synthesized from any other nutrients or nutrient metabolites
within pig’s body. Therefore, dietary inclusion of sufficient lysine is required to optimize
pig’s growth performance.
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It has been reported that dietary lysine supplementation can improve growth
performance, especially the retention of nitrogen in pigs (Sharda et al., 1976; Fuller et al.,
1987; Salter et al., 1990; Roy et al., 2000; Shelton et al., 2011). Dietary deficiency of
lysine can affect pig carcass characteristics by decreasing the lean meat percentage (Witte
et al., 2000; Szabo et al., 2001), increasing the subcutaneous fat depth (at the 10th rib;
Witte et al., 2000; Bidner et al., 2004), and increasing the intramuscular fat content of
longissimus dorsi (Witte et al., 2000; Bidner et al., 2004; Kobayashi et al., 2012; Tous et
al., 2014;). However, the underlying molecular mechanisms by which dietary lysine
regulates muscle protein accretion and fat deposition in pigs are still not clear.
Recent research advances revealed key roles AAs play as nutritional signals in
regulation of cell signaling processes (Jefferson and Kimball, 2001; Wu, 2010; Wu,
2013a). For example, leucine has been found to activate the mammalian target of
rapamycin (mTOR) pathway to stimulate the initiation of mRNA translation in skeletal
muscle of mammals (Buse and Reid, 1975; Li and Jefferson, 1978; Crozier et al., 2005;
Li et al., 2011; Boutry et al., 2013). Similarly, dietary arginine supplementation increased
the activity of mTOR signaling in skeletal muscle of neonatal pigs (Yao et al., 2008).
Glutamine may prevent protein hypercatabolism by inhibition of myostatin
hyperexpression (Bonetto et al., 2011), and supplementation of glutamine to a high-fat
diet improved insulin signaling in the muscle of rats (Prada et al., 2007). In terms of
lysine, however, which signaling pathways related to muscle protein accretion and
carcass characteristics are regulated by its dietary supply is still unknown. Therefore, the
objective of this study was to explore the effect of dietary lysine on the metabolic and cell
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signaling pathways associated with the growth performance, especially, the muscle
growth, of finishing pigs.
Materials and Methods
Animal trial and sample collection
All the experimental protocols involving caring, handling, and treatment of pigs
were approved by Mississippi State University Institutional Animal Care and Use
Committee. A total of 9 crossbred barrows (Large White × Landrace) with an average
initial body weight of 94.4 ± 6.7 kg were housed in an environmentally controlled swine
barn at the Leveck Animal Research Center, Mississippi State University. The pigs were
randomly assigned to 9 individual feeding pens, and then assigned to one of three dietary
treatment groups according to a completely randomized experimental design. Each
treatment group consisted of three pen replicates with one pig per pen.
A corn and soybean meal based diet (Diet 1; a lysine-deficient diet) was
formulated to meet or exceed NRC (2012) recommended requirements for various
nutrients including crude protein (CP) but not for lysine. Diet 2 (a lysine-adequate diet)
and Diet 3 (a lysine-excess diet) were formulated by adding L-lysine monohydrochloride
(98.5%; Archer Daniels Midland Co., Quincy, IL) to Diet 1 at the expense of corn at rates
of 0.35% and 0.70%, respectively (Table 2.1). The total lysine contents in Diets 1, 2, and
3 were 0.43%, 0.71%, and 0.98% (calculated, as-fed basis), respectively. To confirm the
contents of lysine, samples of the three dietary treatments were submitted to Dr. Guoyao
Wu’s laboratory at Texas A&M University (College Station, TX) for AA analysis, which
was shown in Table 2.2.
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The feeding trial lasted five weeks, during which pigs were allowed ad libitum
access to the experimental diets and fresh water. All the pigs, feeders, waterers, and room
temperature were checked 2 to 3 times (6:00 am to 7:00 pm) on a daily basis. At the end
of the feeding trial, the pigs were harvested in the Meat Science and Muscle Biology
Laboratory of Mississippi State University, and muscle samples (approximately 2 g each)
were collected from the middle portion of longissimus dorsi (between the 10th and 12th
ribs) of each pig and snap frozen in liquid nitrogen immediately after the collection. The
frozen muscle samples were then transferred to a -80°C freezer for storage until
laboratory analyses of gene expression.
Preparation of Total RNA
For each muscle sample, total RNA was extracted from approximately 50 mg of
frozen muscle tissue using TRIzol Reagent (Invitrogen Corporation, Carlsbad, CA)
following the manufacturer’s instructions. Briefly, frozen tissue was homogenized in a
15-mL polypropylene centrifuge tube using a Polytron mixer (0.5 mL TRIzol per 50 mg
tissue) and the homogenate transferred to a 1.5-mL micro-centrifuge tubes. Chloroform
(400 μL/tube) was used to separate RNA from DNA and proteins, and then the total RNA
was precipitated with isopropyl alcohol (at 1:1 ratio) and washed with 750 μL of 75%
ethanol. The resulting RNA was air-dried, dissolved in 60 μL RNase-free water, and
stored at -80°C freezer. The RNA sample quality was checked using an Agilent 2100
Bioanalyzer (Agilent Technologies, Santa Clara, CA) and the RNA concentrations
determined by quantitation using a NanoDrop 1000 spectrophotometer (NanoDrop
Technologies, Wilmington, DE).
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Microarray analysis
The Affymetrix Porcine Gene 1.0 ST Array (Affymetrix, Inc., Santa Clara, CA),
which contains 394,589 probes representing 19,211 genes, was used to investigate the
effect of dietary lysine on the potential change in the skeletal muscle gene expression of
pigs. Microarray analysis was conducted at the University of Mississippi Medical Center
Molecular and Genomics Core Facility (Jackson, MS) according to the manufacturer’s
recommended protocol (Affymetrix). Briefly, the Ambion WT Expression Kit
(Affymetrix) was used to generate amplified sense-strand cDNA ready for fragmentation
and labeling using the GeneChip WT Terminal Labeling and Controls Kit (Affymetrix).
Subsequently, the GeneChip Hybridization, Wash, and Stain Kit (Affymetrix) was used
to hybridize the gene chips in the GeneChip Hybridization Oven 640, using one chip per
RNA sample. After hybridization, the chips were washed and stained on a GeneChip
Fluidics Station 450. The reaction image and signals were read with a GeneChip Scanner
(GCS 3000, 7G) and data collected using the GeneChip Operating Software (GCOS,
version 1.2). The raw gene expression intensity values from the software (i.e., the *.cel
files) were imported into Partek Genomics Suite (PGS) software (version 6.6; Partek Inc.,
St. Louis, MO) for analysis. For background correction, the algorithm of Robust
Multichip Averaging adjusted with probe sequence and GC oligo contents was
implemented. The background-corrected data were further converted into expression
values using quantile normalization across all the chips and median polish summarization
of multiple probes for each probe set (Liao et al., 2011; 2015).
All GeneChip transcripts were annotated using the NetAffx annotation database
for Exon/Gene on Porcine GeneChip Array, provided online by the manufacturer
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(http://www.affymetrix.com/estore/analysis/index.affx; accessed October 17, 2015). The
dietary treatment-induced effects on the expression of all the transcripts were subjected to
one-way ANOVA analysis using the PGS software (Partek, 2009). To achieve a greater
degree of confidence, the transcripts showing treatment effects at the significance level of
P < 0.01 were defined as being differentially expressed. These differentially expressed
genes or gene transcripts (DEG) were subjected to bioinformatics analysis using the Core
Analysis program of Ingenuity Pathways Analysis (IPA, 8.0-2602) online software
(http://www.ingenuity.com; Ingenuity Systems, Inc., Redwood City, CA).
Real-time RT-PCR analysis
Semi-quantitative real-time reverse-transcribed (RT)-PCR technology was
employed to verify the changes of the mRNA expression levels of six selected genes,
which were PHGDH (phosphoglycerate dehydrogenase), PSPH (phosphoserine
phosphatase), SCD (stearoyl-CoA desaturase), AMD1 (adenosylmethionine
decarboxylase 1), ERLEC1 (endoplasmic reticulum lectin 1), and DNAJA1 (DnaJ
(Hsp40) homolog subfamily A member 1), whose expression levels were found altered
(P < 0.01) based on the microarray analysis. These six DEG were selected because they
play important roles in the metabolic pathways revealed by the microarray analysis.
First-strand cDNAs were reverse-transcribed from 1 µg of total RNA by using
QuantiTect Reverse Transcription Kit (QIAGEN, Valencia, CA). The semi-quantitative
PCR analysis was performed using the Rotor-Gene Q System and the Rotor-Gene SYBR
Green PCR Kit (QIAGEN), followed by melting curve analysis to verify the specificity
and identity of the PCR products. The thermal cycling parameters were 95ºC for 5 min,
followed by 40 cycles of 95ºC for 5 s and 60ºC for 10 s. Primers for the selected genes
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were designed by using PrimerQuest Tool (Integrated DNA Technologies, Coralville,
IA). The sequences of the designed primers and the relevant information associated with
the PCR reactions for these selected genes are shown in Table 3.1. Also shown in Table
3.1 is the endogenous control gene, hypoxanthine phosphoribosyltransferase (HPRT1),
used for normalization of any variation during the process of sample preparation (Nygard
et al., 2007).
The ΔΔCT method (Applied Biosystems, 2008) was used for mRNA quantity
calculation. Briefly, the raw quantity of a given gene was normalized against the raw
quantity of HPRT1 reference gene of a given sample obtained from the Rotor-Gene Q
System, and then the normalized level of the given gene of each sample was expressed as
a quantity relative to the mean of the normalized quantity of the given gene of the Diet 2
treatment group.
Statistical analysis
Dietary treatment effects on the relative mRNA expression levels, obtained from
the microarray analysis for each gene transcript, were subjected to analysis of variance
(ANOVA) for a completely randomized experimental design using the PGS software. For
a higher degree of confidence, when the ANOVA test gave a P value less than 0.01, the
treatment means were compared by two orthogonal contrasts, which were Diet 1 vs. Diet
2 and Diet 3 vs. Diet 2. Treatment effects on the relative expression levels of the selected
DEG analyzed by real-time RT-PCR were also subjected to ANOVA and orthogonal
contrasts (Diet 1 vs. Diet 2 and Diet 3 vs. Diet 2) analyses using the General Linear
Model procedure of SAS (SAS 9.4; SAS Institute Inc., Cary, NC). When the contrast P
values were less than 0.05, the comparison was considered significantly different. For the
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canonical pathway analysis with IPA, the P values less than 0.05 or -log of P-value
greater than 1.3 were considered significantly different.
Results
Bioinformatics analyses of microarray data
All the microarray *.cel files generated from the GCOS software plus the GC
Robust Multichip Averaging-corrected data processed with the PGS software have been
deposited in the database of Gene Expression Omnibus (GEO) at the National Center for
Biotechnology Information (http://www.ncbi.nlm.nih.gov/geo) following the standards of
minimum information about a microarray experiment (MIAMIE) compliant (Brazma et
al., 2001). The series accession number for the deposition assigned by the GEO is
GSE77708.
The raw mRNA abundance values (i.e., the *.cel files) were imported into the
PGS for ANOVA statistical analysis, which showed a total of 674 transcripts (P < 0.05)
differentially expressed in the longissimus dorsi of the pigs fed different diets. To refine
this analysis, a subset of 131 transcripts with P < 0.01 were considered DEG
(Supplemental Table A.1). The overall dietary treatment effect on these 131 DEG is
shown on Figure 3.1. Hierarchical cluster analysis of these DEG using PGS software
showed that associated with the 3 dietary treatments are 3 clusters that have 3 distinct
gene expression pattern (Figure 3.2). Of these 131 transcripts, 60 were annotated, 71
were unannotated in the NetAffx annotation database (Affymetrix), and the 60 annotated
transcripts belong to 59 genes.
The orthogonal contrast analysis of the dietary treatments revealed a total of 39
genes differentially expressed in the skeletal muscle of the pigs fed Diet 1 vs. Diet 2, of
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which 28 genes were up-regulated and 11 were down-regulated (Table 3.2). Canonical
pathway analysis of these 39 genes was conducted with the Core Analysis program of the
IPA online software. The results showed that several cell signaling and metabolic
pathways in skeletal muscle could have been affected (P < 0.05) by dietary deficiency of
lysine (Figure 3.3), of which the top 5 pathways are responsible for the serine and glycine
biosynthesis pathways, protein ubiquitination pathway, and spermine and spermidine
biosynthesis pathways.
The orthogonal contrast analysis of the dietary treatments also revealed a total of
35 genes differentially expressed in the skeletal muscle of the pigs fed Diet 3 vs. Diet 2,
of which 13 genes were up-regulated and 22 were down-regulated (Table 3.3). Canonical
pathway analysis of these 35 genes with the Core Analysis program of the IPA software
showed that several cell signaling and metabolic pathways in skeletal muscle might have
been affected (P < 0.05) by dietary excess of lysine (Figure 3.4), of which the top 5
pathways are responsible for protein ubiquitination pathway, spermine and spermidine
biosynthesis pathways, CDP-diacylglycerol biosynthesis pathway, and
phosphatidylglycerol biosynthesis.
Real-time RT-PCR analysis of selected genes
Genes involved in serine and glycine biosynthesis, lipid biosynthesis, spermine
and spermidine biosynthesis, and protein ubiquitination pathway, identified from the
bioinformatics analyses of the microarray data, were selected for validation using semiquantitative real-time RT-PCR analysis, and these genes include PHGDH, PSPH, SCD,
AMD1, ERLEC1, and DNAJA1.
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As shown in Figure 3.5, the levels of PHGDH, PSPH and SCD mRNA expressed
in the muscle of the pigs fed Diet 1 were greater (P < 0.05) than those in the pigs fed Diet
2, and there were no differences in the mRNA levels of these 3 genes between the pigs
fed Diet 3 vs. Diet 2 (Figure 3.5A, 3.5B, and 3.5C). The level of the AMD1 mRNA
expressed in the muscle of the pigs fed Diet 1 was greater (P < 0.05) than that in the pigs
fed Diet 2, and its level in the muscle of the pigs fed Diet 3 was lower (P < 0.05) than
that in the pigs fed Diet 2 (Figure 3.5D). All these results are consistent with the results
concerning these genes obtained from the microarray analysis (Tables 3.2 and 3.3).
The level of ERLEC1 mRNA in the muscle of pigs fed Diet 1 was lower (P <
0.05) than that of pigs fed Diet 2 (Figure 3.5E), while the expression level of DNAJA1 in
the muscle of pigs fed Diet 1 was greater (P < 0.05) than that of pigs fed Diet 2 (Figure
3.5F). These results were also consistent with the results obtained from the microarray
analysis concerning these two genes (Table 3.2). When compared to Diet 2, the
expression levels of ERLEC1 and DNAJA1 mRNA in the pigs fed Diet 3 were both
numerically decreased (Figure 3.5E and 3.5F), which is also in agreement with the results
obtained from the microarray analysis concerning these two genes (Table 3.3).
Discussion
To the best of our knowledge, this study is the first to explore the transcriptomic
profile of skeletal muscle of finishing pigs in response to dietary lysine. Approximately
130 genes or gene transcripts involved in different signaling and metabolic pathways
were found to be affected by dietary lysine. Of these, the significant pathways are those
associated with protein and lipid metabolism and muscle growth.
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Regulation of protein turnover
Protein degradation
It has been shown that dietary lysine may regulate protein degradation in skeletal
muscle of pigs (Salter et al., 1990; Roy et al., 2000). Ubiquitin-proteasome signaling
pathway plays important roles in the breakdown of myobrillar protein in muscle
(Fafournoux et al., 2000), which involves two successive steps: conjugation of multiple
ubiquitin moieties to the target protein and degradation of the polyubiquitinated protein
by the 26S proteasome complex. In this study, it was shown that lysine might affect the
protein ubiquitination pathway through regulating at least 6 genes, DNAJA1,
HSP90AA1, HSP90AB1, HSPH1, UBE2B and UBE2D3. More specifically, when
compared to the lysine-adequate pigs (i.e., the Diet 2 group), dietary lysine deficiency
increased the mRNA levels of DNAJA1, HSP90AB1, and UBE2B (Table 3.2), while
excess dietary lysine decreased the mRNA levels of DNAJA1, HSP90AA1, HSPH1, and
UBE2D3 (Table 3.3). That the expression levels of the genes related to protein
ubiquitination pathway were down regulated with the increased level of dietary lysine
implies that a high level of dietary lysine may suppress protein degradation and that
dietary lysine deficiency may stimulate protein degradation through the ubiquitinproteasome degradation pathway. This implication is supported by an in vivo study
(Ishida et al., 2011) which showed that dietary lysine supplementation inhibited the
ubiquitin-proteasome pathway in the skeletal muscle of rats.
Cystatin 9-like (CST9L), a cysteine protease inhibitor, prevents or reduces the
activity of a cysteine protease (a.k.a. cysteine-type endopeptidase), which is an enzyme
that can degrade proteins in the body. When present at a high level or when abnormally
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activated, cysteine proteases are thought to be involved in numerous pathophysiological
processes, such as muscular dystrophy (Richard et al., 1995). The expression or the
abundance of CST9L mRNA was down regulated by the lysine-deficient diet in this
study (Table 3.2), which means that the activity of cysteine-type endopeptidase might
have been enhanced, leading to an increased protein degradation in skeletal muscle.
The endoplasmic reticulum (ER) lectin 1 (ERLEC1) gene encodes XTP3-B lectin,
an ER protein that can function as a negative regulator of ER-associated protein
degradation (via its interaction with the membrane-associated ubiquitin ligase complex),
and can protect newly synthesized immature polypeptides from premature degradation
(Vembar and Brodsky, 2008; Fujimori et al., 2013). The level of ERLEC1 mRNA was
down regulated in skeletal muscle of pigs fed Diet 1 or 3. The connection between the
expression level of ERLEC1 mRNA and protein degradation in skeletal muscle
associated with dietary lysine level is not clear and needs further investigation.
Based on our current data (Wang et al., 2015), lysine deficiency was shown to
significantly decrease the average daily gain (ADG) in the late stage finishing pigs, while
there is no difference in the ADG between the pigs fed the lysine-excess and lysineadequate diets. Data suggest that the increased muscle protein degradation might be the
reason for the decreased ADG when pigs were fed a lysine-deficient diet. However,
whether the decreased expression of DNAJA1, HSP90AA1, HSPH1, and UBE2D3
caused by the excess of dietary lysine (Table 3.3) can lead to significantly decreased
muscle protein degradation warrants further investigation.
It was reported that DNAJA1 gene encodes heat shock protein 40 (Hsp40), which
is a negative marker of meat tenderness (Bernard et al., 2007; Cassar-Malek et al., 2011).
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Interestingly, in this study we found that the level of DNAJA1 mRNA was decreased
along with the increasing levels of dietary lysine (Tables 3.2 and 3.3). Therefore, dietary
lysine deficiency may negatively affect pork quality, while excess dietary lysine may
improve pork tenderness via the regulation of DNAJA1 gene expression in skeletal
muscle.
Protein synthesis
Several genes related to protein synthesis, such as Rho family gtpase 3 (RND3)
and Zic family member 1 (ZIC1), were regulated by dietary lysine in this study. RND3 is
a member of Rnd family, a sub-group of the Rho family of small GTP-binding proteins.
The Rnd family is comprised of three proteins including Rnd1/Rho6, Rnd2/Rho7, and
Rnd3/Rho8/RhoE (Chardin, 2006). Upregulation of RND3 expression inhibited cell
proliferation, which is associated with PTEN/PI3K/Akt signaling pathway (Zhao et al.,
2012). ZIC1 encodes a member of the Zic family of C2H2-type zinc finger proteins, and
is an activator of Wnt signaling (Merzdorf and Sive, 2006). Overexpression of ZIC1
results in inactivation of PI3K and MAPK signaling pathways, which further regulates
multiple downstream targets (Zhong et al., 2012). The PI3K/Akt signaling pathway has a
number of downstream effectors including mTOR, which can affect the transcription of
p70 or 4EBP1 and regulate protein synthesis (Dennis et al., 1999).
The results of this study showed that dietary lysine deficiency upregulated the
expression levels of RND3 and ZIC1 mRNA, which might lead to inhibition of PI3K/Akt
signaling pathway, causing inactivation of downstream effectors of mTOR pathway and
resulting in less muscle protein synthesis. Sato et al. (2014) reported that lysine could in
part affect the Akt pathway in C2C12 murine myotubes, and that the protein synthesis
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may be increased by lysine through mTOR pathway. The low ADG, low lean cut, and
reduced ham weight of the pigs fed the lysine-deficient diet reported by Wang et al.
(2015) may be in part due to the reduced muscle protein synthesis via the upregulation of
RND3 and ZIC1 gene expression.
The serine and glycine biosynthesis pathway consists of three sequential
enzymatic reactions (Figure 3.6), which begins with the oxidation of glycolytic
intermediate phosphoglycerate (3PG) to 3-phosphohydroxypyruvate (pPYR) with the
concomitant reduction of NAD+ co-factor to NADH by an enzyme called
phosphoglycerate dehydrogenase (PHGDH). Phosphoserine amino transferase (PSAT1)
then uses the α-amino group of glutamate (GLU) to transaminate pPYR yielding
phosphoserine (pSER) and α-ketoglutarate (αKG). Finally, phosphoserine phosphatase
(PSPH) dephosphorylates pSER to give serine, which will interconvert with glycine in
animal body (Wu, 2013b).
This study revealed that dietary lysine deficiency increased the expression of
PHGDH and PSPH mRNA, responsible for coding 2 rate-limiting enzymes in the serine
and glycine biosynthesis pathway (Figure 3.6), and these increases indicate a positive
serine and/or glycine biosynthesis in the skeletal muscle of the late stage finishing pigs.
One of our previous studies showed that the plasma concentrations of serine
(numerically) and glycine (P < 0.05) were both decreased in the pigs fed a lysinedeficient diet (Regmi et al., 2015a), and these decreases suggested that there might be not
enough serine and glycine supply in the plasma, causing active serine and glycine
biosyntheses in skeletal muscle. Since serine and glycine are building blocks for protein
synthesis and substrates for creatine, purine, and pyrimidine generation (Wang et al.,
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2013; Wu, 2013c), the change of PHGDH and PSPH mRNA levels implies that dietary
lysine could affect muscle energy metabolism, and the biosyntheses of nuclear acids and
proteins.
The biosynthesis pathways for two polyamines, spermine and spermidine, may be
affected by dietary lysine through regulating the expression of AMD1, which encodes Sadenosylmethionine decarboxylase 1 (AdoMetDC), a key enzyme in the rate-limiting
step of polyamine biosynthesis (Jagoe et al., 2002; Lee and MacLean, 2011). Although
the potential mechanism by which polyamines regulate skeletal muscle hypertrophy and
atrophy are still unclear, there is a strong association between polyamine levels and
muscle mass (von Deutsch et al., 2003; Lee and MacLean, 2011). The AMD1 mRNA
level affected by dietary lysine may lead to a change in the polyamine level causing
differential muscle growth. Regmi et al. (2015a) reported that the plasma concentration of
arginine decreased along with the increased dietary lysine concentration. Because
arginine is the main substrate for polyamine synthesis (Wu and Morris, 1998), the
regulation of dietary lysine on AMD1 expression and then polyamine level may be due to
the antagonism effect of lysine on plasma arginine level.
Regulation of lipid metabolism
Several DEG in Tables 3.2 and 3.3, including malic enzyme 1 (ME1), stearoylCoA desaturase (SCD), and cell death-inducing DFFA-like effector c (CIDEC), are
related to lipid biosynthesis. ME1 catalyzes the reversible oxidative decarboxylation of
L-malate to pyruvate (Figure 3.7), which links glycolytic pathway and citric acid cycle,
involving the reduction of NADP+ to NAD(P)H (Vidal et al., 2006). At the same time, a
malic enzyme can form part of the tricarboxylate shuttle, which releases acetyl-CoA from
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the mitochondria into the cytosol (Vidal et al., 2006). Both NADPH and acetyl-CoA are
substrates of fatty acid biosynthesis, and malic enzyme activity has a strong influence on
intramuscular fat content (Mourot and Kouba, 1999). In addition, a significant association
between ME1 genotype and backfat thickness of pigs has been reported and it was found
that different malic enzyme activities are highly related to the fatness traits of different
pig breeds (Vidal et al., 2006). Therefore, the increased level of ME1 mRNA in the
skeletal muscle of the pigs fed the lysine-deficient diet may be associated with the
enhanced lipid biosynthesis. Furthermore, the level of ME1 mRNA was decreased in pigs
fed the lysine-excess diet. It seems that increasing dietary lysine level from deficiency to
excess, the level of ME1 mRNA was decreased accordingly, which implies that ME1
enzyme may be a key regulator of lipid biosynthesis in response to dietary lysine.
Specifically, dietary supplementation of lysine may inhibit lipid biosynthesis through the
reduction of ME1 gene expression.
As shown in Figure 3.7, the end product of fatty acid synthesis from acetyl-CoA
is palmitate, which can be elongated to stearate. Stearoyl-CoA desaturase (SCD) is the
rate-limiting lipogenic enzyme in the biosynthesis of monounsaturated fatty acids
(Ntambi and Miyazaki, 2004). It has been shown that the expression of SCD positively
correlates with intramuscular fat deposition in pigs (da Costa et al., 2004; Doran et al.,
2006; Bessa et al., 2013). The CIDEC gene is also associated with body lipid
accumulation, and the elevated CIDEC expression resulted in an inhibition of fatty acid
oxidation and an increase of de novo lipogenesis in muscle cells (Wang et al., 2010; VilàBrau et al., 2013). Both SCD and CIDEC mRNA were up-regulated in the lysinedeficient pig group, which is at least partially supported by da Costa et al. (2004), who
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reported that when the dietary crude protein and lysine levels were low the SCD mRNA
expression was increased in the skeletal muscle of growing pigs.
The level of complement factor D (CFD, a.k.a. adipsin) mRNA in the skeletal
muscle of finishing pigs was reduced after the lysine-excess diet was fed for 5 weeks
(Table 3.3). As is known, CFD interacts with complement C3 and factor B to form
acylation-stimulating protein, which is involved in stimulating glucose transport,
enhancing fatty acid re-esterification, and inhibiting lipolysis (Van Harmelen et al., 1999;
Ronti et al., 2006;). Lan et al. (2003) reported that a greater CFD level was associated
with an increased fat content in skeletal muscle of the obese mice. The decreased CFD
mRNA level in the lysine-excess group of this study may be associated with the reduced
fatty acid synthesis and enhanced lipolysis, leading to a decreased fat deposition in the
muscle when compared to the lysine-adequate pig group.
It has been well accepted that dietary lysine deficiency can lead to intramuscular
fat accumulation in longissimus dorsi (Witte et al., 2000; Bidner et al., 2004; Kobayashi
et al., 2012; Tous et al., 2014). Our current study implies that dietary lysine deficiency
may promote lipid accumulation in skeletal muscle via increasing ME1, SCD, and
CIDEC mRNA expression. It is interesting to mention that one of our previous studies
(Regmi et al., 2015b) found that plasma concentration of cholesterol was significantly
increased in pigs fed a lysine-deficient diet. As is known, SCD can catalyze the
conversion of palmitate and stearate to their corresponding unsaturated fatty acids, which
can be further used for the synthesis of cholesterol and phospholipid (Ntambi and
Miyazaki, 2004). The active lipid accumulation in muscle and plasma might be due to
lysine deficiency which restricts protein synthesis with surplus energy being converted to
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lipids. As aforementioned, dietary lysine deficiency stimulated serine synthesis, while
serine serves as a substrate for synthesis of two membrane lipid molecules,
phosphatidylserine and sphingolipids, which can be efficiently incorporated into cell
membrane lipid bilayer (Inuzuka et al., 2005). Therefore, the increased serine synthesis in
the lysine-deficient group may contribute to lipid biosynthesis as well.
Dietary lysine deficiency decreased the expression of the extended
synaptotagmin-like protein 1 (ESYT1) mRNA, which encodes extended synaptotagmins
(E-Syt1). The E-Syt1 are endoplasmic reticulum (ER) proteins that participate in
tethering function between the ER and the plasma membrane (PM) and have roles in lipid
transport between the two membranes (Schauder et al., 2014; Idevall‐Hagren et al.,
2015). The connection between ER and PM is dynamically regulated by Ca2+ signaling,
of which elevation of cytosolic Ca2+ triggered translocation of E-Syt1 to ER-PM
junctions to enhance ER-to-PM connection (Chang et al., 2013). Dietary lysine
supplementation has been shown to regulate Ca2+ metabolism, specifically enhancing
intestinal Ca2+ absorption and improve the renal conservation of the absorbed Ca2+
(Civitelli et al., 1992). Therefore, the decreased level of ESYT1 mRNA in the lysinedeficient group may be attributed to the effect of lysine on Ca2+ absorption, while at the
same time lysine may affect lipid transport through ESYT1.
Lysine may affect lipid oxidation through regulation of ALKBH7 (alkB,
alkylation repair homolog 7), LGALS13 (lectin, galactoside-binding, soluble, 13), and
LCLAT1 (lysocardiolipin acyltransferase 1) expression. ALKBH7 encodes a
mitochondrial resident protein, which is located in the mitochondrial matrix and involved
in fatty acid metabolism. ALKBH7 deletion has been shown to dramatically increase
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body fat and body weight, which may be due to that ALKBH7 directly or indirectly
facilitates the utilization of short-chain fatty acids (Solberg et al., 2013). LGALS13
encodes protein that has lysophospholipase activity, which was shown to be involved in
phospholipid metabolism (Than et al., 1999). Deficiency of LCLAT1, which encodes
Acyl-CoA : lysocardiolipin acyltransferase 1, has been shown to increase lipid oxidation
and decrease amount of lipid in mouse (Li et al., 2010). Therefore, lysine may affect lipid
content by regulating the expression of ALKBH7, LGALS13, and LCLAT1.
Other biological processes
The mRNA levels of several genes related to some other biological processes
were also affected by dietary lysine level (Tables 3.2 and 3.3). Dietary lysine deficiency
may affect metabolism of macro molecules by increasing the expression of FUT1
(fucosyltransferase 1) and CHIT1 (chitinase 1), both of which are involved in the
metabolic process of carbohydrates (Larsen et al., 1990). Dietary lysine deficiency
increased the mRNA levels of TXNL1 (thioredoxin-like 1) and CD164 (a 80- to 100-kDa
type 1 transmembrane sialomucin), encoding proteins involved in cell growth (Wan et al.,
2004), of which TXNL1 may be regulated by Akt-mTOR pathway (Gong et al., 2013).
Lysine deficiency also decreased the expression of RASSF7 (Ras association domain
family member 7), which is a member of the N-terminal Ras association domain family.
RASSF7 negatively regulates pro-apoptotic JNK signaling (Takahashi et al., 2011),
which is a member of an evolutionarily conserved sub-family of mitogen-activated
protein (MAP) kinases and important as both positive and negative modulators of
apoptosis (Weston and Davis, 2002). Knocking down of RASSF7 has been shown to
inhibit cell growth (Recino et al., 2010).
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Dietary lysine-excess downregulated the expression of SLC9A2 (solute carrier
family 9, subfamily A, member 2), which is involved in the transport of Na+ and
contributes to the regulation of intracellular pH (Praetorius et al., 2000). Dietary lysineexcess increased the expression of CNTROB (centrobin, centrosomal BRCA2 interacting
protein) and PDCL (phosducin-like), of which CNTROB is involved in centriole
duplication (Zou et al., 2005), and PDCL has been shown to regulate G-protein signaling
by binding to the beta-gamma subunits of G proteins (Savage et al., 2000; Lukov et al.,
2006).
Several genes related to the regulation of gene transcription and translation in the
skeletal muscle were regulated by dietary lysine as well. The genes encoding the class of
transcription factors called homeobox genes are found in clusters named A, B, C, and D.
HOXA11 and HOXA4 are part of the A cluster and encode DNA-binding transcription
factors which may regulate gene expression. HOXA11 expression increases transcription
of DNA (Gong et al., 2007) and was regulated by PTEN (Begum et al., 2006). Zinc
finger protein 181 (ZNF181) may be related to DNA binding and gene regulation (Laity
et al., 2001). Zinc finger, matrin-type 5 (ZMAT5) is involved in mRNA splicing.
MORF4L2 (MRGX) is a novel transcription factor and can repress or activate the B-myb
promoter (Tominaga et al., 2005). GABPB1 (GA binding protein transcription factor,
beta subunit 1) encodes the GA-binding protein transcription factor, beta subunit, which
forms a tetrameric complex with the alpha subunit, and influence the DNA binding
stability of hGABP alpha and regulate hGABP-mediated transcription (Suzuki et al.,
1998).
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Translational control plays an essential role in regulating the expression gene to
mRNA and to protein. Members of CPEB (cytoplasm polyadenylation element binding
protein) family have been shown to bind to the 3’ UTR of target mRNAs and regulate
their translation, of which CPEB2 interacts with the elongation factor, eEF2, to reduce
the eEF2/ribosome-triggered GTP hydrolysis in vitro and slow down the peptide
elongation of CPEB2-bound RNA in vivo (Chen and Huang, 2012). Eukaryotic initiation
factor 2 (eIF2), an initiation factor involved in mTOR pathway, is required in the
initiation of protein translation and mediates the binding of tRNAmet to the ribosome in a
GTP-dependent manner. However, how the change of these gene expression levels is
associated with lysine would affect, inhibit, or stimulate transcription and translation
warrants further investigation.
Conclusions
Dietary lysine affected the expression of at least 131 gene transcripts in the
longissimus muscle of the late stage finishing pigs, of which 60 transcripts belonging to
59 genes were annotated in the NetAffx database. Dietary lysine deficiency may lead to
(1) increased muscle protein degradation via the ubiquitination pathway as indicated by
the up-regulated DNAJA1, HSP90AB1 and UBE2B mRNA levels, (2) reduced muscle
protein synthesis via the upregulation of RND3 and ZIC1 mRNA levels, (3) increased
serine and glycine synthesis in the muscle as indicated by the increased PHGDH and
PSPH mRNA levels, and (4) increased lipid accumulation via the increased expression of
ME1, SCD, and CIDEC mRNA levels. Dietary lysine excess may lead to (1) decreased
muscle protein degradation via the downregulation of mRNA levels of DNAJA1,
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HSP90AA1, HSPH1, and UBE2D3, and (2) reduced lipid biosynthesis via the decreased
expression of CFD and ME1 mRNA in porcine skeletal muscle.

69

Table 3.1

The primer pairs used in the semi-quantitative real-time RT-PCR analysis
of the selected genes

Gene

Amplicon

symbo11

GenBank2

Sequence (5′–3′)3

PHGDH

NM_001123162

F: GCGGTTTGGTTTAGGTGTTTC

size (bp)
113

R: AAGGGTCCAGGCTATCACT
PSPH

NM_001243221

F: CTGCAGGCTCCAGTTTAGTT

97

R: CTCGCAGAGTCTTTACCAACA
SCD

NM_213781

F: CCCAAGGCAGACAAGAGAATAG

91

R: GTGTTGACGACTGAGGTTACAG
AMD1

XM_003121345

F: TCCACAAGTCAAGTCCTCTAATG

108

R: CCATGGAGAGGAACGAATCAA
ERLEC1

XM_003125147

F: GCTGGCTATCCTTTGTACTCTC

109

R: CAACACTGCTTGTGGACATTT
DNAJA1

NM_001244163

F: GGTGGTAAGAAAGGAGCAGTAG

93

R: CTGAACCATTCCAGGTCCTATT
HPRT14

NM_001032376

F: GCTATGCCCTTGACTACAATGA

102

R: TTGAACTCTCCTCTTAGGCTTTG
1

HGDH = Phosphoglycerate dehydrogenase; PSPH = Phosphoserine phosphatase; SCD =
Stearoyl-CoA desaturase; AMD1 = Adenosylmethionine decarboxylase 1; ERLEC1 =
Endoplasmic reticulum lectin 1; DNAJA1 = DnaJ (Hsp40) homolog, subfamily A,
member 1; HPRT1 = Hypoxanthine phosphoribosyltransferase 1.
2
The accession number of the cDNA sequences retrieved from the GenBank database
(http://www.ncbi.nlm.nih.gov) for primer design.
3
F = a forward primer, and R = a reverse primer.
4
HPRT1 was selected as an internal control reference gene for the purpose of
normalization of the expression of other genes.
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Table 3.2

Genes differentially expressed in the skeletal muscle of finishing pigs fed a
lysine-deficient vs. a lysine-adequate diet

Gene Symbol
Gene Description
Down-regulated
genes
CPEB2
Cytoplasmic polyadenylation
element binding protein 2
CST9L
Cystatin 9-like
ERLEC1
Endoplasmic reticulum lectin 1
ESYT1
Extended synaptotagmin-like
protein 1
HOXA11B Homeobox A11
LCLAT1
Lysocardiolipin acyltransferase 1
MYL6
Myosin, light chain 6
RASSF7
Ras association domain family
member 7
UBTD1
Ubiquitin domain containing 1
ZMAT5
Zinc finger, matrin-type 5
ZNF181
Zinc finger protein 181
Up-regulated
genes
AMD1
Adenosylmethionine
decarboxylase 1
ATP6V1G2 Atpase, H+ transporting,
lysosomal 13 kda, V1 subunit G2
C7H6orf136 Chromosome 6 open reading
frame 136
CCDC25
Coiled-coil domain containing 25
CD164
CD164 molecule
CHIT1
Chitinase 1
CHORDC1 Cysteine and histidine-rich
domain (CHORD) containing 1
CHSY3
Chondroitin sulfate synthase 3
CIDEC
Cell death-inducing DFFA-like
effector c
DNAJA1
Dnaj (Hsp40) homolog,
subfamily A, member 1
EIF2
Eukaryotic translation initiation
factor 2
FUT1
Fucosyltransferase 1
GABPB1
GA binding protein transcription
factor, beta subunit 1
GPR182
G protein-coupled receptor 182
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GenBank1

P-value2

NM_001185049

0.000

XM_003134304
XM_003125147
XM_003126262

0.007
0.011
0.009

AF453292
NM_001142845
NM_001163997
XM_003122393

0.001
0.032
0.011
0.004

XM_003359315
XM_001929010
NM_001244818

0.003
0.035
0.005

XM_003121345

0.014

NM_001145380

0.002

NM_001243459

0.003

NM_001243572
XM_001924626
XM_003130296
NM_001113446

0.023
0.022
0.005
0.010

XM_003123906
NM_001112689

0.049
0.024

NM_001244163

0.003

XM_005672861

0.002

NM_214068
XM_005659610

0.003
0.002

XM_003126290

0.000

Table 3.2 (continued)
H1FOO
HOXA4
HSP90AB1

Oocyte-specific H1 histone
NM_001205063
0.016
Homeobox A4
XM_003134841
0.037
Heat shock protein 90kda alpha
NM_001244433
0.007
(cytosolic), class B member 1
LGALS13
Lectin, galactoside-binding,
NM_001142841
0.003
soluble, 13
ME1
Malic enzyme 1, NADP+XM_001924333
0.050
dependent, cytosolic
MIR3187
Microrna 3187
NR_036154
0.002
PHGDH
Phosphoglycerate dehydrogenase NM_001123162
0.000
PSPH
Phosphoserine phosphatase
NM_001243221
0.009
RND3
Rho family gtpase 3
NM_214296
0.003
SCD
Stearoyl-CoA desaturase (delta-9- NM_213781
0.023
desaturase)
SERP1
Stress-associated endoplasmic
NM_001243260
0.039
reticulum protein 1
TXNL1
Thioredoxin-like 1
NM_001244276
0.030
UBE2B
Ubiquitin-conjugating enzyme
NM_001257356
0.011
E2B
ZIC1
Zic family member 1
XM_003358599
0.011
1
The accession number of the gene sequence resided in the GenBank database
(http://www.ncbi.nlm.nih.gov).
2
P-value was obtained from the orthogonal contrast analysis using the Partek Genomics
Suite software. A change in gene mRNA abundance was considered significant when the
P-value was equal to or less than 0.05.
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Table 3.3

Genes differentially expressed in the skeletal muscle of finishing pigs fed a
lysine-excess vs. a lysine-adequate diet

Gene Symbol
Gene Description
Down-regulated
Genes
ALKBH7
AlkB, alkylation repair homolog 7
AMD1
Adenosylmethionine
decarboxylase 1
CFAP20
Cilia and flagella associated
protein 20
CFD
Complement factor D (adipsin)
CHORDC1 Cysteine and histidine-rich domain
(CHORD) containing 1
CLCA2
Chloride channel accessory 2
CNTFR
Ciliary neurotrophic factor
receptor
DNAJA1
Dnaj (Hsp40) homolog, subfamily
A, member 1
ERLEC1
Endoplasmic reticulum lectin 1
HOXA4
Homeobox A4
HSP90AA1 Heat shock protein 90kda alpha
(cytosolic), class A member 1
HSPH1
Heat shock 105kda/110kda
protein 1
LCLAT1
Lysocardiolipin acyltransferase 1
ME1
Malic enzyme 1, NADP+dependent, cytosolic
MFAP3
Microfibrillar-associated protein 3
MORF4L2
Mortality factor 4 like 2
SERP1
Stress-associated endoplasmic
reticulum protein 1
SLC9A2
Solute carrier family 9, subfamily
A (NHE2, cation proton antiporter
2), member 2
TMCO6
Transmembrane and coiled-coil
domains 6
UBE2D3
Ubiquitin-conjugating enzyme
E2D 3
UBTD1
Ubiquitin domain containing 1
ZMAT5
Zinc finger, matrin-type 5
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GenBank1

P-value2

XM_003123112
XM_003121345

0.001
0.013

NM_001244786

0.001

XM_003122985
NM_001113446

0.009
0.006

XM_003125930
XM_003130672

0.003
0.027

NM_001244163

0.004

XM_003125147
XM_003134841
NM_213973

0.004
0.014
0.034

NM_001097504

0.014

NM_001142845
XM_001924333

0.001
0.027

XM_003134126
XM_003135267
NM_001243260

0.001
0.033
0.016

NM_001100189

0.010

XM_003124040

0.003

NM_001078673

0.028

XM_003359315
XM_001929010

0.009
0.001

Table 3.3 (continued)
Up-regulated
Genes
CHIT1
CHSY3
CNTROB

Chitinase 1 (chitotriosidase)
XM_003130296
0.009
Chondroitin sulfate synthase 3
XM_003123906
0.001
Centrobin, centrosomal BRCA2
XM_003358269
0.007
interacting protein
CXCR6
Chemokine (C-X-C motif)
NM_001001623
0.000
receptor 6
DBX1
Developing brain homeobox 1
XM_003122916
0.002
DND1
DND microrna-mediated
XM_003124043
0.009
repression inhibitor 1
GPR182
G protein-coupled receptor 182
XM_003126290
0.008
H1FOO
Oocyte-specific H1 histone
NM_001205063
0.003
LGALS13
Lectin, galactoside-binding,
NM_001142841
0.005
soluble, 13
MYO5B
Myosin VB
XM_003121434
0.001
PDCL
Phosducin-like
XM_001927696
0.003
XKR4
XK, Kell blood group complex
XM_003355057
0.008
subunit-related family, member 4
ZNF181
Zinc finger protein 181
NM_001244818
0.037
1
The accession number of the gene sequence resided in the GenBank database
(http://www.ncbi.nlm.nih.gov).
2
P-value was obtained from the orthogonal contrast analysis using the Partek Genomics
Suite software. A change in gene mRNA abundance was considered significant when the
P-value was equal to or less than 0.05.
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Figure 3.1

Venn diagram detailing the number of differentially expressed genes or
gene transcripts (DEG) in the skeletal muscle of finishing pigs fed 3
different diets

The number of DEG between each 2 dietary treatments is shown in parentheses.

Figure 3.2

Hierarchical clusters of differentially expressed genes or gene transcripts
(DEG; P < 0.01)

The expression level for each gene transcript was standardized to mean of 0 and scale to
SD of 1, which is the default setting of the Partek Genomics Suite software. As indicated
by the legend color box, gray color in the middle represents the mean value, 0, red color
represents gene expression level above the mean, and blue color below the mean. The
intensity of the color reflects the relative intensity of the fold change.
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Figure 3.3

Canonical pathways affected by dietary lysine deficiency in skeletal muscle
of finishing pigs

The x-axis displays the significant pathways, and the y-axis displays the -log of P-value.
Each orange point connected with other orange points by a yellow line represents a ratio
that is calculated as the number of genes in a given pathway that meet the defined cutoff
criteria divided by the total number of genes in the reference gene set that make up that
pathway.
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Figure 3.4

Canonical pathways affected by dietary lysine excess in skeletal muscle of
finishing pigs

The x-axis displays the significant pathways, and the y-axis displays the -log of P-value.
Each orange point connected with other orange points by a yellow line represents a ratio
that is calculated as the number of genes in a given pathway that meet the defined cutoff
criteria divided by the total number of genes in the reference gene set that make up that
pathway.
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Figure 3.5

Semi-quantitative real-time RT-PCR analyses of PHGDH (A), PSPH (B),
SCD (C), AMD1 (D), ERLEC1 (E), and DNAJA1 (F) mRNA expression in
the skeletal muscle of pigs fed a lysine-deficient diet (D1), a lysineadequate diet (D2), and a lysine-excess diet (D3)

The y-axis shows the relative mRNA expression levels relative to the D2 pig group. The
error bars denote SD, and the * signs denote differential expressions (P < 0.05). PHGDH
= Phosphoglycerate dehydrogenase; PSPH = Phosphoserine phosphatase; SCD =
Stearoyl-CoA desaturase; AMD1 = Adenosylmethionine decarboxylase 1; ERLEC1 =
Endoplasmic reticulum lectin 1; DNAJA1 = DnaJ (Hsp40) homolog, subfamily A,
member 1.
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Figure 3.6

Roles of phosphoglycerate dehydrogenase (PHGDH) and phosphoserine
phosphatase (PSPH) in the serine and glycine biosynthesis pathway
(Adapted from IPA)

Figure 3.7

Roles of malic enzyme 1 (ME1) and stearoyl-CoA desaturase (SCD) in
lipid biosynthesis pathway
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EFFECT OF DIETARY LYSINE CONCENTRATION ON THE SKELETAL MUSCLE
FATTY ACID PROFILE IN LATE-STAGE FINISHING PIGS
Abstract
Pork quality can be enhanced by manipulating the content and/or the fatty acid
(FA) composition of the intramuscular fat (IMF). This study was conducted to investigate
how dietary lysine levels affect the FA profile of the IMF in the longissimus dorsi of latestage finishing pigs, and also to determine if the IMF content can be increased by
reducing the dietary lysine level. Nine crossbred barrows (94.4 ± 6.7 kg BW) were
randomly allotted to 3 dietary treatments (3 pigs/treatment). Three corn and soybeanmeal based diets were formulated to meet the NRC (2012) recommended requirements
for nutrients except for lysine, whose concentrations were 0.43, 0.71, and 0.98% (as-fed
basis) for Diets 1 (lysine-deficient), 2 (lysine-adequate), and 3 (lysine-excess),
respectively. The feeding trial lasted 5 weeks, during which time the pigs were allowed
ad libitum access to the diets and water. After the trial, all pigs were harvested and
muscle samples were collected from the middle portion of longissimus dorsi. The FA
composition of the IMF was analyzed using a gas chromatograph based method. Results
showed that the IMF content of longissimus dorsi were increased with reducing dietary
lysine level from Diet 3 to Diet 1. Dietary lysine level did not affect the proportions of
individual and total saturated FA, except for C18:0 whose proportion tended to be
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affected (P = 0.09). In terms of unsaturated FA, the percentage of C18:1 n-9 (oleic acid)
and total MUFA were higher (P < 0.05), while the percentage of C18:3 n-3 (linolenic
acid, an essential FA) were lower (P < 0.05) in pigs fed Diet 1 than in pigs fed Diet 2.
These results suggest that the IMF content of longissimus dorsi of the pigs tended to be
increased along with the reduced level of dietary lysine. Dietary lysine level can alter the
composition of FA, especially the UFA. Dietary lysine deficiency increased the
proportion of MUFA, which could benefit the eating quality of pork. Further studies are
needed to see whether or not a transient use of a lysine-deficient diet can improve the
meat quality by increasing the IMF content and altering the FA composition without
impairing the overall growth performance of finishing pigs.
Key words: Lysine, Finishing pig, Fatty acid composition, Intramuscular fat
Introduction
While the global demand for meat consumption continues to increase (Wu et al.,
2014), there have been an increasing concern about the content and the fatty acid (FA)
composition of intramuscular fat (IMF) in the meat products (Bessa et al., 2013). As is
known, pork quality is closely related to the IMF content of skeletal muscle (Fernandez et
al., 1999; Fortin et al., 2005). The composition of lipids or FA of IMF, however, plays
very important roles in human nutrition and health. It is known that an excessive
consumption of animal fat or saturated fatty acids (SFA) increases the chance of
metabolic disorders and the risk of obesity in humans (Aranceta and Perez-Rodrigo,
2012; Kratz et al., 2013), yet some unsaturated fatty acids (UFA) including monounsaturated fatty acids (MUFA) and poly-unsaturated fatty acids (PUFA) are considered
beneficial for human health (FAO, 2010). Therefore, the challenge for the pork industry
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is to produce the pork with an optimal IMF content and FA composition to ensure pork
eating quality while also alleviating any health concerns for consumers (Fortin et al.,
2005).
Nutritional strategies can be applied to enhance pork quality by manipulating the
IMF content and/or the FA composition of the meat (Katsumata, 2011). It has been
reported that a reduction of dietary protein level may increase IMF content in pigs
(Castell et al., 1994; da Costa et al., 2004; Doran et al., 2006) and pigs fed high leucine
diets could deposit more IMF in the longissimus muscle (Hyun et al., 2003). In addition,
different dietary oil sources containing particular FAs have been shown to be able to
influence the pork FA composition (Wood et al., 2004b; 2008).
In our previous study, dietary lysine has been shown to affect the expression of
several key genes, such as gene encoding stearoyl-CoA desaturase (SCD), which is
related to lipid metabolism in skeletal muscle (Wang et al., 2015a). As is known,
catalyzing the conversion of SFA to corresponding MUFA, SCD plays the key role in the
IMF formation in pigs (da Costa et al., 2004; Doran et al., 2006; Bessa et al., 2013).
However, whether or not the change of SCD gene expression influenced by dietary lysine
will lead to a change in IMF content and FA composition is still unknown. This study
was conducted to evaluate how dietary lysine levels affect the FA profile of the IMF of
longissimus muscle in late-stage finishing pigs and also to determine if the IMF content
can be increased by a reduction of dietary lysine level.
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Materials and Methods
Animal trial and sample collection
All the experimental protocols involving caring, handling, and treatment of pigs
were approved by Mississippi State University Institutional Animal Care and Use
Committee. A total of 9 crossbred barrows (Large White × Landrace) with an average
initial body weight (BW) 94.4 ± 6.7 kg were housed in an environment controlled swine
barn at the Leveck Animal Research Center of Mississippi State University. These pigs
were randomly assigned to 9 individual feeding pens, and then randomly assigned to 3
treatment groups according to a completely randomized experimental design. Each
treatment consisted of 3 pen replicates with one pig per pen.
A corn and soybean meal based diet (Diet 1; lysine-deficient diet) was formulated
to meet or exceed the NRC (2012) recommended requirements for various nutrients
including crude protein (CP) but not for lysine. Diet 2 (lysine-adequate diet) and Diet 3
(lysine-excess diet) were formulated by adding L-lysine monohydrochloride (98.5%;
Archer Daniels Midland Co., Quincy, IL) to Diet 1 at the expense of corn at the rates of
0.35% and 0.70%, respectively (Table 2.1). The total lysine contents (calculated, as-fed
basis) in Diets 1, 2, and 3 were 0.43%, 0.71%, and 0.98%, respectively. To confirm the
contents of lysine, samples of the three dietary treatments were submitted to Dr. Guoyao
Wu’s laboratory at Texas A&M University (College Station, TX) for AA analysis, which
was shown in Table 2.2.
The feeding trial lasted five weeks, during which time the pigs were allowed ad
libitum access to the experimental diets and fresh water. All the pigs, feeders, waterers,
and room temperature were checked 2 to 3 times on a daily basis (6:00 am to 7:00 pm).
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At the end of the feeding trial, the pigs were harvested in the Meat Science and Muscle
Biology Laboratory of the university, and muscle samples were collected from the middle
portion of longissimus dorsi (between the 10th and 12th ribs) of each pig and
immediately snap frozen in liquid nitrogen. The frozen samples were then transferred to a
-80°C freezer for storage until laboratory analyses of FA composition and IMF content.
Analysis of the fatty acid composition
The FA composition of IMF in longissimus muscle of the finishing pigs was
analyzed using a method based on the description of O'Fallon et al. (2007). Briefly,
collected muscle samples were trimmed of all external fat and connective tissues first,
and approximately 1 g of each trimmed sample was weighed into a 20-mL borosilicate
vial with Teflon®-lined screw-cap, to which 1.0 mL of 1.5-mg/mL tridecanoate methyl
ester (C13:0 in methanol) internal standard, 0.7 mL of 10-N KOH, and 5.3 mL of
methanol were added. The tube was capped tightly and incubated in a 55°C water bath
for 1.5 h with vigorous hand-shaking every 20 min to liberate FA. After cooling in a cold
tap water bath (below room temperature), 0.58 mL of 24-N H2SO4 was added. The
solution was mixed by inversion of the tube. The tube was incubated again in a 55°C
water bath for another 1.5 h to synthesize FA methyl esters (FAME). After that the tube
was cooled in a cold tap water bath. Three milliliters of hexane was added, and the tube
was vortex-mixed for 5 min on a multi-tube vortex for FAME extraction. The tubes were
centrifuged for 5 min, and the hexane layer containing the FAME was placed into a 2-mL
gas chromatograph (GC) vial with Teflon®-lined screw-cap. The vials were capped
tightly and stored at -20°C until the GC determination of FA composition.
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The FA composition was determined by an Agilent 7890A GC system equipped
with an HP-88 capillary column (30 m × 0.25 mm × 0.20 µm), a flame ionization
detector, an autosampler, and a split/splitless injector (Agilent Technologies Inc., Santa
Clara, CA). The initial oven temperature was 120°C, held for 1 min, subsequently
increased to 170°C at a rate of 15°C/min with a 2-min hold, to 200°C at a rate of 3°C/min
with a 1-min hold, and finally to 235°C at a rate of 20°C/min with a 1-min hold.
Hydrogen was used as the carrier gas at a constant flow rate of 1.5 mL/min. The injector
was set at a constant 250°C with 100:1 split ratio. The flame ionization detector was set
at 300°C, 30 mL/min of hydrogen flow, and 400 mL/min of air flow. Data was collected
at 100 Hz. Fatty acid methyl esters were identified by comparing their retention times
with authentic FAME standards and calculated by an internal standard calibration
method.
The gravimetric concentration of each FA (mg/g of muscle) was calculated with
correction by molecular weight difference between FAME and the particular FA. The
total FA concentration (mg/g of muscle) was used as an estimate of the IMF content
(Wood et al., 2013). The normalized percentage of each individual FA (% of total FA)
was used to represent the proportion of a given FA relative to the total FA content. The
saturation index (SI) was calculated by determining the ratio of total SFA to total UFA
(including MUFA and PUFA; Dinh et al., 2010). The ratio of C16:1 n-7 + C18:1 n-9 to
the total of C16:0, C16:1 n-7, C18:0, and C18:1 n-9 was also calculated as an indicator of
SCD activity (Yang et al., 1999; Miyazaki et al., 2003; Doran et al., 2006).
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Statistical analysis
Dietary treatment effects on the individual FA concentration and percentage in the
skeletal muscle were subjected to analysis of variance (ANOVA) for a completely
randomized experimental design. The ANOVA analyses were performed using the GLM
Procedure of SAS (SAS 9.4, SAS Inst. Inc., Cary, NC). Means were separated by
protected t-test using the LSMEANS/PDIFF option in the GLM procedure. Probability
values (P) less than 0.05 were considered as significant differences and the P values
between 0.05 and 0.10 were considered as tendencies to be different.
Results and Discussion
Lysine effect on fatty acid concentration
The gravimetric concentrations (mg/g) of FA in longissimus dorsi of the finishing
pigs are presented in Table 4.1. Firstly, the concentration of total FA tended to be
affected (P = 0.08) by the dietary lysine level. In terms of SFA, the concentrations of
C16:0 and total SFA tended to be affected (P < 0.10) by the dietary lysine levels, while
all other individual SFA were not affected. As to UFA, the concentrations of C18:1 n-9,
C18:3 n-3, total MUFA were affected (P < 0.05) and C16:1 n-7, C20:1 n-9 tended to be
affected (P < 0.10) by the dietary lysine levels. More specifically, the concentrations of
four FA (C16:0, C16:1 n-7, C20:1 n-9, and C18:1 n-9) were increased (0.039 < P <
0.087) along with the reduction of dietary lysine level from Diet 3 to Diet 1, and so were
the concentrations of total SFA, total MUFA, and total FA (0.040 < P < 0.098). Unlike
aforementioned FA, the concentration of C18:3 n-3 was less (P = 0.03) in the muscle of
the pigs fed Diet 1 than the pigs fed Diet 2, while there was no difference (P > 0.10)
between the pigs fed Diet 2 and Diet 3.
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The increased total FA concentration along with the reduced level of dietary
lysine from excess to deficiency (Table 4.1) suggests that the IMF content of the skeletal
muscle can be affected by dietary lysine levels. Similar results were found by Katsumata
et al. (2005), who reported that a reduced dietary lysine level promoted an accumulation
of IMF in the longissimus dorsi of finishing gilts. Several other studies have also shown
that there were increases in the IMF contents in pigs fed reduced protein (combination of
lysine and other amino acids) diets (Wood et al., 2004a; Doran et al., 2006). It has been
shown that dietary lysine deficiency associated with reduced protein diets is needed to
obtain an increase in IMF content of muscle (Madeira et al., 2013a; Madeira et al.,
2013b).
All of these previous studies together suggested that dietary protein and/or lysine
levels play important roles in regulating the IMF content in porcine skeletal muscle.
However, the loin marbling scores did not change among three diets with three different
levels of lysine (Wang et al., 2015b), although the IMF content was affected by the lysine
levels in this current study. This observation suggests that the change in IMF content
might not be dramatic enough to lead to a change in the marbling appearance. In addition,
the lipids in myocytes might have been included in the analysis of IMF content
(Katsumata et al., 2005), but this does not affect the muscle marbling appearance.
This study revealed a trend that increasing dietary lysine levels reduces the IMF
content in the longissimus dorsi of finishing pigs. Contrary to this, feeding a diet with
supplementation of 2% leucine (Hyun et al., 2003) or 1% arginine (Ma et al., 2015)
increased the IMF content in the longissimus dorsi of finishing pigs, although the effect
of dietary threonine levels on the IMF accumulation in the skeletal muscle of finishing
95

pigs can be neglected (Kobayashi et al., 2012). Therefore, the underlying mechanisms of
differential effects of dietary amino acids, individually or in combination, on muscle IMF
accumulation need to be elucidated.
Lysine effect on fatty acid proportion
The proportions of individual FA (as percentages of total FA in longissimus dorsi)
are also presented in Table 4.1, which shows that the predominant FA in the IMF of the
finishing pigs were C18:1 n-9 (40-45%), C16:0 (25-27%), C18:0 (12-14%), and C18:2 n6 (6-11%), irrespective of dietary treatments. In terms of SFA, the dietary lysine levels
did not show any effect on the proportion of all individual SFA including C16:0, except
for C18:0 whose percentage showed a tendency to be affected (P = 0.09). In spite of a
tendency of change in C18:0, the proportion of total SFA was not affected (P = 0.14) by
dietary lysine levels. These results suggest that dietary lysine level does not significantly
affect the proportions of individual SFA and the proportion of total SFA in the IMF.
In terms of the UFA, the proportions of several MUFA and PUFA were affected
or tended to be affected by the dietary lysine levels (Table 4.1), which include C18:1 n-9,
C18:1 trans, C24:1 n-9, C18:2 n-6, C18:3 n-3 (P < 0.05) and C20:1 n-9 (P = 0.06).
Consequently, the proportions of total MUFA and total PUFA were also affected (P <
0.05) by the dietary lysine levels. Specifically, Diet 3 increased (P < 0.05) the percentage
of C24:1 n-9 in the muscle when compared to Diet 2 (0.48% vs. 0.32%), while there were
no differences between Diet 3 and Diet 2 in any other UFA. The percentage of C18:1 n-9
(oleic acid) in the muscle of the pigs fed Diet 1 was higher (P < 0.05) than that of the pigs
fed Diet 2. Because C18:1 n-9 is a predominant MUFA (Table 4.1), the percentage of
total MUFA followed the same trend in that the total MUFA percentage was higher (P <
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0.05) in the pigs fed Diet 1 when compared to Diet 2. In agreement with this is a study by
Doran et al. (2006), who reported that the level of total muscle MUFA was elevated when
a reduced protein diet was fed to growing pigs.
The percentage of essential FA C18:3 n-3 (linolenic acid) in the muscle of the
pigs fed Diet 1 was lower (P < 0.05) when compared to the pigs fed Diet 2. The
percentages of another essential FA C18:2 n-6 (linoleic acid), and the total PUFA as well,
were reduced when the dietary lysine level dropped from a high level (i.e., Diet 3) to a
low (i.e., Diet 1) level. This result is in agreement with a previous study that showed a
reduction in PUFA, including C18:2 n-6 (linoleic acid), in the longissimus dorsi of
finishing gilts fed diets containing a lower level of dietary lysine (Katsumata et al., 2005).
The percentage of MUFA and PUFA have been reported to be associated with
pork eating quality. In general, the eating quality improves as the MUFA percentage
increases (Cameron and Enser, 1991) because C18:1 n-9 was positively associated with
meat flavor, and a greater concentration of C18:1 n-9 (oleic acid) in muscle lipids has
been reported to be in parallel with the increased taste panel scores for tenderness and
juiciness (Rhee et al., 1990). On the contrary, the eating quality improves as the PUFA
proportion decreases (Cameron and Enser, 1991), which is due to the greater
susceptibility of PUFA to produce undesired volatile compounds during cooking process
(Larick et al., 1992). The increased PUFA (including C18:2 n-6) content was often
reported to result in off flavors. Thus, the increased proportion of MUFA and decreased
proportion of PUFA associated with a lysine-deficient diet, as reported in this study, may
benefit the eating quality of pork.
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A lysine-deficient diet, however, was shown to have impairing effect on animal
growth performance, especially, to decrease the average daily gain of the pigs (Wang et
al., 2015b), which makes it not economically feasible to use this nutritional strategy (i.e.,
reducing dietary lysine level) to regulate the IMF deposition and meat quality. Further
studies are needed to look at whether or not a transient use of a lysine-deficient diet
followed by a lysine-adequate diet can improve the meat quality by increasing the IMF
content and altering the FA composition, while at the same time inducing the subsequent
compensatory growth (Mule et al., 2006).
Lysine effect on fatty acid saturation index and stearoyl-CoA desaturase activity
Two ratios among FA were calculated for SI and SCD activity. As shown in
Figure 4.1A, there was no difference in the SI [i.e., SFA : (MUFA + PUFA); in relation
to the degree of FA saturation (Dinh et al., 2010)] among the three dietary treatment
groups, which suggests that the SI was not affected (P = 0.14) by the dietary lysine
levels. The ratio of C16:1 n-7 + C18:1 n-9 to the total of C16:0, C16:1 n-7, C18:0, and
C18:1 n-9 was calculated as well, and was found to be higher in the pigs fed Diet 1 than
in the pigs fed Diet 2 or 3 (Figure 4.1B), which indicates that a high SCD activity was
associated with the low dietary lysine level. Our result regarding the SCD activity is
partially supported by da Costa et al. (2004) and Doran et al. (2006), who reported that
the levels of SCD mRNA and protein expression were increased in porcine skeletal
muscle when the dietary levels of crude protein and lysine were low.
Related to the lipid synthesis in skeletal muscle, SCD enzyme catalyzes the
conversion of SFA (mainly C16:0 and C18:0) to the corresponding MUFA (mainly C16:1
and C18:1) and has been shown to be associated with the IMF formation in pigs (da
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Costa et al., 2004; Doran et al., 2006; Bessa et al., 2013). Our previous study (Wang et
al., 2015a) showed that a lysine-deficient diet increased the mRNA abundance of SCD.
As suggested by the SCD gene expression data (Wang et al., 2015a), together with the
FA composition and IMF content data obtained from this study, it seems that a higher
activity of adipogenesis might be the reason for the increased IMF accumulation in pigs
fed the lysine-deficient diet, and SCD might be an important gene for regulation of FA
biosynthesis and IMF content in finishing pigs fed diets with different lysine levels.
Conclusions
The results of this study suggest that the IMF content of longissimus muscle of
late-stage finishing pigs tended to be increased along with the reduced dietary lysine
concentration. Dietary lysine at different concentration levels altered the composition of
FAs, especially the UFA, in the skeletal muscle of the finishing pigs. In particular, the
percentage of C18:1 n-9 (oleic acid) was higher, while the percentage of C18:3 n-3
(linolenic acid) was lower, in the longissimus dorsi of the pigs fed the lysine-deficient
diet. Consequently, dietary lysine deficiency increased the percentage of MUFA, which
could benefit the pork eating quality. Dietary lysine excess basically had no effect on the
percentage of any FA (except for C24:1 n-9; nervonic acid). Further studies are needed to
see whether or not a transient use of a lysine-deficient diet can improve the meat quality
by increasing the IMF content and altering the FA composition without impairing the
overall growth performance of finishing pigs.
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FA
C10:0
C12:0
C14:0
C15:0
C16:0
C17:0
C18:0
C20:0
C14:1 n-5
C16:1 n-7
C17:1 n-8
C18:1 trans
C18:1 n-9
C20:1 n-9
C24:1 n-9
C18:2 n-6
C20:2
C18:3 n-3
C20:3 n-6
C20:4 n-6

Item

Table 4.1
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0.05
0.03
0.49
0.02
9.46a
0.11
4.26
0.07
0.01
1.24a
0.10
0.17
15.79a
0.40a
0.12
2.14
0.11
0.11a
0.08
0.55

0.05
0.04
0.37
0.02
8.55ab
0.10
4.41
0.08
0.01
0.94ab
0.09
0.23
13.15ab
0.33ab
0.10
2.54
0.11
0.17b
0.08
0.56

0.05
0.03
0.25
0.03
6.33b
0.12
3.12
0.06
0.01
0.75b
0.10
0.20
10.02b
0.24b
0.12
2.45
0.09
0.15b
0.08
0.59

Concentration (mg/g)
Diet 1 Diet 2
Diet 3
0.004
0.004
0.069
0.003
0.797
0.015
0.432
0.008
0.004
0.125
0.010
0.028
1.195
0.038
0.008
0.157
0.013
0.011
0.005
0.026

SEM
0.467
0.515
0.119
0.186
0.076
0.793
0.150
0.224
0.899
0.087
0.512
0.415
0.039
0.064
0.394
0.238
0.775
0.025
0.931
0.666

P value
0.14
0.10
1.38
0.06
26.73
0.30
12.04a
0.21
0.03
3.47
0.29
0.48a
44.80a
1.14
0.35a
6.05a
0.30
0.31a
0.24
1.59

0.17
0.19
0.12
0.12
1.15
0.97
0.08
0.13
26.80
25.43
0.31
0.49
b
13.75 12.59ab
0.23
0.22
0.05
0.06
3.00
3.03
0.27
0.43
b
0.72
0.81b
41.08b 40.23b
1.03
0.97
a
0.32
0.48b
8.03ab 10.10b
0.33
0.39
b
0.53
0.61b
0.26
0.34
1.79
2.42

Percentage (%)
Diet 1
Diet 2 Diet 3

0.020
0.014
0.153
0.022
0.456
0.069
0.453
0.013
0.017
0.282
0.051
0.064
0.890
0.039
0.034
0.709
0.032
0.063
0.032
0.243

SEM

Effect of the dietary lysine on fatty acid (FA) concentration (mg/g) and FA percentage (% total FAs) in the
longissimus dorsi of the finishing pigs1

0.300
0.517
0.235
0.138
0.135
0.174
0.088
0.397
0.608
0.467
0.143
0.024
0.024
0.059
0.042
0.019
0.211
0.033
0.170
0.115

P value

Partial sum of FA2
SFA
14.50a
13.62ab
9.98b
1.278
0.098
40.95
42.60
40.13
0.759
0.143
a
ab
b
a
b
b
MUFA
17.84
14.85
11.45
1.333
0.040
50.56
46.47
46.01
0.711
0.007
a
ab
b
PUFA
2.99
3.45
3.36
0.181
0.244
8.49
10.93
13.86
1.016
0.027
a
ab
b
Total FA (IMF)
35.33
31.92
24.80
2.68
0.078
100.00
100.00 100.00
n/a
n/a
1
Values were reported as least squares means. Within each row of concentration or percentage category, means without common
letters differ (P < 0.05).
2
SFA = C10:0 + C12:0 + C14:0 + C15:0 + C16:0 + C17:0 + C18:0 + C20:0; MUFA = C14:1 n-5 + C16:1 n-7 + C17:1 n-8 + C18:1
trans + C18:1 n-9 + C20:1 n-9 + C24:1 n-9; PUFA = C18:2 n-6 + C20:2 + C18:3 n-3 + C20:3 n-6 + C20:4 n-6.

Table 4.1 (continued)
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Figure 4.1

(A) fatty acid saturation index (SI), and (B) stearoyl-CoA desaturase (SCD)
activity in longissimus dorsi of the finishing pigs fed a lysine-deficient diet
(Diet 1), a lysine-adequate diet (Diet 2), and a lysine-excess diet (Diet 3)

Saturation index (SI) = SFA/(MUFA + PUFA). Stearoyl-CoA desaturase (SCD) activity
= (C16:1 n-7 + C18:1 n-9)/(C16:0 + C16:1 n-7 + C18:0 + C18:1 n-9). The error bars
denote SD and means without common letters (a, b) differ (P < 0.05).
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EFFECT OF DIETARY LYSINE SUPPLY ON THE PLASMA CONCENTRATIONS
OF GROWTH-RELATED HORMONES OF LATE-STAGE FINISHING PIGS
Abstract
The regulation of the key metabolic pathways of the muscle protein turnover
related pathways by AAs is closely associated with the concomitant responses of some
growth-related hormones. This study was to investigate the effect of dietary lysine levels
on the plasma concentrations of three key growth-related hormones (insulin, GH, and
IGF-1) in late-stage finishing pigs. Nine crossbred (Yorkshire × Landrace) finishing pigs
(initial BW 94.4 ± 6.7 kg) were assigned to 3 dietary treatments according to a
Completely Randomized Design (3 pigs/treatment, 1 pig/pen). Three corn and soybeanmeal based diets were formulated to contain three levels of total lysine for the three
treatments, which were 0.43, 0.71, and 0.98% lysine (as-fed basis) for Diets 1 (lysine
deficient), 2 (lysine adequate), and 3 (lysine excess), respectively. The feeding trial lasted
four weeks, during which time the pigs were allowed ad libitum access to the
experimental diets and fresh water. After 4 weeks on the experimental diets, jugular vein
blood was collected and the plasma samples were obtained by centrifugation. The plasma
concentration of three growth-related hormones was measured by using enzyme-linked
immunosorbent assay (ELISA) method. Results showed that there are no differences in
the plasma insulin and GH concentrations (P > 0.05) among the three dietary treatments,
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which suggests that the plasma insulin and GH level of the late-stage finishing pigs was
not affected by the dietary lysine concentration, at least at the range from 0.43 to 0.98%.
However, the plasma IGF-1 concentration of the pigs fed either Diet 1 or Diet 3 was
lower (P < 0.05) than that of the pigs fed Diet 2, which suggests that either dietary lysine
deficiency or lysine excess can lead to a lower level of plasma IGF-1 concentration in the
late-stage finishing pigs. Therefore, it can be concluded that IGF-1, instead of insulin or
GH, in the blood circulation may be a controlling growth factor in response to dietary
lysine provision for regulating muscle growth in late-stage finishing pigs.
Key words: Lysine, Finishing pig, Hormone
Introduction
The biochemical process of protein turnover in the skeletal muscle of swine is of
great importance for production of protein for human consumption (Liao et al., 2015).
Some nutrients, such as glucose and fatty acids, play important roles not only as energetic
substrates but also as cell signaling molecules to regulate the protein turnover in animal
body (Sohal et al., 1992; Fujita et al., 2007; Blad et al., 2011). Similarly, besides their
function as building blocks for body protein biosynthesis, some amino acids (AAs) can
also function as cell signaling molecules regulating key metabolic pathways that are
necessary for muscle protein accretion (Wu, 2009; 2010). The regulation of the key
metabolic pathways of the muscle protein turnover related pathways by AAs (Wang et
al., personal communication) is closely associated with the concomitant responses of
some growth-related hormones (Schiaffino and Mammucari, 2011; Liao et al., 2015;
Rhoads et al., 2016).
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The plasma concentrations of three growth-related polypeptide hormones, insulin,
growth hormone (GH; a.k.a. somatotropin) and insulin-like growth factor 1 (IGF-1), can
be affected by animal nutritional status and, in turn, regulate cell and tissue growth and
development in the body (Straus, 1994; Guay and Trottier, 2006; Davis et al., 2010).
Because these hormones are not fat-soluble they cannot penetrate cell membranes into
cytosol. Therefore, they exert cell signaling effects through binding to the corresponding
receptors on the cell membranes, where they further activate cell signaling cascades to
regulate gene expression and protein turnover (Saltiel and Kahn, 2001; Schiaffino and
Mammucari, 2011).
Lysine is the first limiting AA in a typical grain based swine diet (Liao et al.,
2015), and sufficient dietary lysine supply is essential for swine growth performance,
especially the growth of skeletal muscle, the largest AA reservoir in the body (Roy et al.,
2000; Shelton et al., 2011; Wang et al., 2015). According to previous studies on growing
pigs (Roy et al., 2000; Ren et al., 2007), dietary lysine supplementation stimulated insulin
secretion and increased the plasma insulin concentration, but not the plasma GH and IGF1 concentrations, in a dose dependent manner. On nursery pigs, it was reported that the
plasma IGF-1 concentration was reduced when animals were fed a diet lower in lysine
levels (Katsumata et al., 2002). However, whether or not the effect of lysine on the
growth performance of finishing pigs is mediated via these growth-related hormones is
still unknown. Therefore, the objective of this study was to investigate the effect of
dietary lysine levels on the plasma concentrations of three key growth-related hormones
(insulin, GH, and IGF-1) in late-stage finishing pigs.
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Materials and Methods
Animal trial and sample collection
All the experimental protocols involving caring, handling, and treatment of pigs
were approved by Mississippi State University Institutional Animal Care and Use
Committee. A total of 9 crossbred (Large White × Landrace) barrows with an average
initial body weight (BW) 94.4 ± 6.7 kg were housed in an environment controlled swine
barn at the Leveck Animal Research Center of Mississippi State University. These pigs
were randomly assigned to 9 individual feeding pens, and then randomly assigned to 3
dietary treatment groups according to a completely randomized experimental design.
Each treatment consisted of 3 pen replicates with one pig per pen.
A corn and soybean meal based diet (Diet 1; a lysine-deficient diet) was
formulated to meet or exceed the NRC (2012) recommended requirements of various
nutrients including crude protein (CP) but not for lysine. Diet 2 (a lysine-adequate diet)
and Diet 3 (a lysine-excess diet) were formulated by adding L-lysine monohydrochloride
(98.5%; Archer Daniels Midland Co., Quincy, IL) to Diet 1 at the expense of corn at the
rates of 0.35% and 0.70%, respectively (Table 2.1). The total lysine contents (calculated,
as-fed basis) in Diets 1, 2, and 3 were 0.43%, 0.71%, and 0.98%, respectively. To
confirm the contents of lysine, samples of the three dietary treatments were submitted to
Dr. Guoyao Wu’s laboratory at Texas A&M University (College Station, TX) for AA
analysis, which was shown in Table 2.2.
The feeding trial lasted five weeks, during which time the pigs were allowed ad
libitum access to the experimental diets and fresh water. All the pigs, feeders, waterers,
and room temperature were checked 2 to 3 times on a daily basis (6:00 am to 7:00 pm).
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Blood samples were collected after four-week feeding trial (due to time conflict with
meat lab for muscle sample collection) by venipuncture of the jugular veins of individual
pigs (10 mL/pig) in the early morning (6:00 to 8:00 am). The blood samples were kept on
ice immediately after the collection until the plasma is separated by centrifugation of the
blood samples for 16 min at 800 × g, 4°C. The plasma samples were stored in 200-µL
aliquots at -80°C until the laboratory analysis of hormones was conducted.
Laboratory analyses of the growth-related hormones
Analysis of plasma insulin
The plasma concentration of insulin was measured in duplicate using a porcine
insulin ELISA kit (ENZO Life Sciences; Farmingdale, NY) according to the
manufacturer’s instructions. Briefly, the plasma samples were first diluted (1:3) to
remove matrix interference. The diluted samples were added to a pre-coated insulin
ELISA plate (100 µL/well/sample) and incubated on a shaker at room temperature for 1
hr allowing the liquid to be thoroughly mixed. The plate was then rinsed 4 times with
wash buffer (200 µL/well) and blotted on lint free paper towels after each rinse. After the
final blot, the primary insulin antibody was added to the plate (100 µL/well) and
incubated on the shaker at room temperature for 1 hr. Residual primary antibody on the
plate was then rinsed and blotted as described above. One hundred microliter of blue
solution of horseradish peroxidase (HRP) conjugate was added to each well and the plate
was then incubated on the shaker at room temperature for 30 min. After incubation the
plate was rinsed and blotted again to remove any residual blue conjugate. Then the HRP
substrate solution was added to the plate (100 µL/well) and the plate was incubated on
the shaker at room temperature for 30 min again. Finally, the reaction stop solution was
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added to the plate (100 µL/well), and the optical density (OD) value of the solution was
measured at 450 nm using a microplater reader (SpectraMax Plus 384, Molecular
Devices, San Francisco, CA). The insulin concentration of each sample was calculated
based on the OD values of the standard curve of known concentrations using Curve
Expert 1.4 computer program (http://www.curveexpert.net).
Analysis of plasma growth hormone
The plasma concentration of GH was measured in duplicate using a porcine GH
ELISA kit (Cloud-Clone Corp., Wuhan, China) according to the manufacturer’s
instructions. Briefly, the plasma samples were added to a pre-coated GH ELISA plate
(100 µL/well/sample) and incubated at 37°C for 2 hr. Then, remove the liquid in each
well and add 100 μL of Detection Reagent A working solution to each well, and incubate
the plate at 37°C for 1 hr. The plate was then rinsed 3 times with wash buffer (350
µL/well) and blotted on lint free paper towels after each rinse. Following the final blot,
add Detection Reagent B working solution to the plate (100 μL/well) and incubate at
37°C for 30 min. The plate was rinsed and blotted again for 5 times as described above.
The substrate solution was then added to the plate (90 µL/well) and the plate was
incubated at 37°C for 15 min with protection from light. Finally, the reaction stop
solution was added to the plate (50 µL/well), and the OD value of the solution in each
well was measured at 450 nm using a microplater reader (SpectraMax Plus 384). The GH
concentration of each sample was calculated based on its OD values against the standard
curve of known concentrations using Curve Expert 1.4 computer program
(http://www.curveexpert.net).
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Analysis of plasma insulin-like growth factor 1
The plasma concentration of IGF-1 was measured in duplicate using a human
IGF-1 ELISA kit (ENZO Life Sciences) according to the manufacturer’s instructions.
Briefly, each plasma sample was mixed in a solution of 100% ethanol (1:5) and 2N
hydrochloric acid (7:1), and incubated for 30 min to dissociate IGF-1 from IGF binding
proteins. The binding proteins were then pelleted by centrifugation at 9,900 × g for 5 min
at room temperature. The supernatant was removed and neutralized with an equal volume
of the neutralizing reagent. The supernatant sample was then diluted to a final
concentration of 1:35 in the assay buffer.
The diluted samples in the assay buffer were added to a pre-coated IGF-1 ELISA
plate (100 µL/well/sample) and incubated on a shaker at room temperature for 1 hr
allowing the liquid to be thoroughly mixed. The ELISA plate was rinsed 5 times with
wash buffer (200 µL/well), and blotted on lint free paper towels after each rinse. After the
final blot, the primary IGF-1 antibody was added to the plate (100 µL/well) and the plate
was incubated on the shaker at room temperature for 2 hr. Residual primary antibody on
the plate was rinsed and blotted again as described above. Then the blue solution of HRP
conjugate was added to the plate (100 µL/well) and the plate was incubated on the shaker
at room temperature for 30 min. After incubation the plate was rinsed and blotted again to
remove any residual blue conjugate. The HRP substrate solution was then added to the
plate (100 µL/well), which was incubated on the shaker at room temperature for 30 min.
Finally, the reaction stop solution was added to the plate (100 µL/well), and the OD value
was measured at 450 nm using a microplater reader (SpectraMax Plus 384). The plasma
IGF-1 concentration of each sample was calculated based on OD values against the
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standard curve of known concentrations using Curve Expert 1.4 computer program
(http://www.curveexpert.net).
Statistical analysis
Plasma concentrations of each hormone were averaged from duplicate samples
and then subjected to analysis of variance (ANOVA) for a completely randomized
experimental design using the General Linear Model (GLM) Procedure of SAS 9.4 (SAS
Institute Inc., Cary, NC) with dietary lysine level as the main effect and individual pigs as
experiment units. Means of three treatments were separated by the protected t-test using
the LSMEANS/PDIFF option in the GLM Procedure. Probability values (P) less than
0.05 were considered as significant differences and P values between 0.05 and 0.10 were
considered as tendencies to be different.
Results and Discussion
Lysine effect on the plasma insulin concentration
As shown in Figure 5.1A, there are no differences in the plasma insulin
concentrations (P = 0.25) among the three dietary treatments, which suggests that the
plasma insulin level of the late-stage finishing pigs was not affected by the dietary lysine
concentration, at least at the range from 0.43 to 0.98% (Table 2.1). As is known, insulin
plays a critical role in the metabolism of nutrients such as carbohydrates, lipids and
proteins, and is a primary acute anabolic coordinator of nutrient partitioning (Baumgard
et al., 2016). As a signaling molecule, insulin can activate the insulin signaling
transduction pathway, leading to an increase in phosphatidylinositol 3-kinase (PI3K)
activity followed by an increase in protein kinase B (PKB/Akt) activity. The PKB/Akt
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activity is associated with the phosphorylation and inhibition of the tuberous sclerosis
complex (TSC2) and further the mTOR (mechanistic target of rapamycin) kinase activity
to regulate protein turnover in skeletal muscle and other tissues (Avruch et al., 2006;
Proud, 2006).
Amino acids and insulin can independently stimulate protein synthesis in skeletal
muscle (O'Connor et al., 2003; Suryawan et al., 2009). However, dietary AAs or protein
can also affect insulin secretion, although insulin is secreted primarily in response to the
elevated blood concentration of glucose (Floyd et al., 1966; Baumgard et al., 2016). The
reduction of dietary crude protein (CP) concentration has been shown to decrease plasma
insulin concentration in growing pigs (Caperna et al., 1990; Guay and Trottier, 2006). In
addition, it was observed that a leucine-induced stimulation of protein synthesis in the
skeletal muscle of rats was facilitated by a transient increase in the blood concentration of
insulin (Buse et al., 1979; Anthony et al., 2002).
Different AAs have different capacities in stimulating insulin secretion. An
intravenous administration of 30 g of AA mixtures or of certain individual AAs to
healthy human subjects induced prompt and large increases in the level of plasma insulin
(Floyd et al., 1966). While a mixture of 10 essential AAs, or the cationic arginine or
lysine alone, appeared to be the most potent, cationic histidine was the least potent, and
no obvious common physicochemical property or configuration characterized the more or
less potent AAs (Floyd et al., 1966). In pigs, it was reported that dietary administration of
lysine also had a stimulating effect on insulin secretion, and this stimulation is in a dose
dependent manner. For example, the growing barrows fed diets containing 0.45 and
0.75% total lysine showed no difference in plasma insulin concentration, but the plasma
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insulin concentration was increased by 39% when dietary lysine concentration was raised
to 0.98% (Roy et al., 2000). Similarly, while the dietary concentration of total lysine at
0.71, 0.95 or 1.20% did not show any influence on plasma insulin concentration in
growing pigs, 1.45% lysine in the diet significantly increased the plasma concentration of
insulin (Ren et al., 2007). In this present study, dietary lysine did not shown any effect on
the plasma insulin level in the late-stage finishing pigs, and there might be a few reasons
responsible for the discrepancy: (1) the late-stage finishing pigs may not be as sensitive
as young growing pigs in response to AA stimulation, (2) our dietary lysine
concentrations (Table 2.1) might not be enough to stimulate the release of insulin, and (3)
the blood sample collection time relative to the meal time might cause the difference.
Lysine effect on the plasma concentrations of growth hormone and insulin-like
growth factor 1
As shown in Figure 5.1B, there are no differences in the plasma GH
concentrations (P = 0.18) among the three dietary treatments, which suggests that the
plasma GH level of the late-stage finishing pigs was not affected by the dietary lysine
concentration, at least at the range from 0.43 to 0.98% (Table 2.1). As shown in Figure
5.1C, however, the plasma IGF-1 concentration of the pigs fed either Diet 1 or Diet 3 was
lower (P < 0.05) than that of the pigs fed Diet 2, which suggests that either dietary lysine
deficiency or lysine excess can lead to a lower level of plasma IGF-1 concentration in the
late-stage finishing pigs.
Primarily consisting of GH, IGF-1, and their associated carrier proteins and
receptors, somatotropin axis (a.k.a., GH-IGF-1 axis) is a very critical regulatory pathway
for mammalian muscle growth and development, as well as the protein and lipid
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metabolism in various tissues (Tomas et al., 1992; Florini et al., 1996; Etherton, 2009).
The stimulating effect of GH on pig muscle growth and development has been reported
by many previous in vivo studies with daily injection (i.m.) of exogenous porcine GH
(Evock et al., 1991; Thiel et al., 1993), and it was hypothesized that the actions of GH on
muscle growth are mediated by the insulin-like growth factors (IGFs). A great deal of
evidence supports the view that the IGFs (especially, IGF-1) are important myogenic
agents that could mediate the actions of GH, but this does not demonstrate that GH has
no direct effect on the skeletal muscle (Florini et al., 1996).
Essential AAs, especially lysine, can promote swine muscle growth when
sufficiently used, but it is unknown if its promotion effect on swine muscle growth is
mediated via the GH-IGF-1 axis. This present study showed that the plasma
concentration of IGF-1 in the late-stage finishing pigs fed either a lysine-deficient or
lysine-excess diet was reduced (P < 0.05), although the plasma concentration of GH was
not affected. These results support some previous studies conducted by Roy et al. (2000)
and Ren et al. (2007), who reported that the dietary lysine level had no effect on the
plasma GH concentration in growing pigs. That the dietary lysine deficiency decreased
the plasma IGF-1 concentration in the finishing pigs of this study supports the research
conducted by Takenaka et al. (2000) and Katsumata et al. (2002), who showed that the
plasma IGF-1 concentration was reduced when young rats (6 weeks of age) and nursery
pigs were fed the diets lower in lysine. The previous studies on growing pigs, however,
did not show that dietary lysine levels influence the plasma IGF-1 concentration (Roy et
al., 2000; Ren et al., 2007).
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The conflicting results regarding the effects of dietary lysine levels on the plasma
IGF-1 concentration from different studies may be due to various factors, such as animal
species used, growing stages of the animals, and the amounts of lysine provided in the
diets. It has been known that a principal hormonal stimulus for IGF-1 production is GH
(Thissen et al., 1994). However, it is interesting to find that the plasma IGF-1
concentration of the late-stage finishing pigs fed either the lysine-deficient or the lysineexcess diet was reduced when compared to the pigs fed the lysine-adequate diet, whereas
the dietary lysine level had no effect on the plasma GH concentration. While animal
nutritional status is a key factor in regulating the activity and function of GH-IGF-1 axis
(Breier, 1999), the regulation of IGF-1 release may be a key control point for animal
muscle growth and nitrogen retention (Straus, 1994; Ren et al., 2007). In terms of animal
growth performance, we have reported that there was no further improvement in the
ADG when excess dietary lysine was provided to the late-stage finishing pigs (Wang et
al., 2015). Therefore, the lysine promotion effect on pig ADG might not be associated
with plasma GH, and IGF-1 may be one of the limiting growth factors that restricts the
pigs from further increasing in ADG or increasing in muscle protein accretion in response
to the dietary lysine provision above the NRC (2012) recommendation.
Conclusions
The results generated from this study suggest that dietary deficiency or excess of
lysine did not affect the plasma concentrations of insulin and GH in late-stage finishing
pigs. However, the plasma concentration of IGF-1 was affected by the dietary lysine
levels. In particular, both lysine deficiency and lysine excess led to a reduction of the
plasma IGF-1 concentration in the pigs relative to the pigs fed a lysine-adequate diet.
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Thus, it can be concluded that IGF-1, instead of insulin or GH, in the blood circulation
may be a controlling growth factor in response to dietary lysine provision for regulating
muscle growth in late-stage finishing pigs.
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Figure 5.1

ELISA analyses of the plasma concentrations of (A) insulin, (B) growth
hormone (GH), and (C) insulin-like growth factor 1 (IGF-1) in the latestage finishing pigs fed a lysine-deficient diet (Diet 1), a lysine-adequate
diet (Diet 2), and a lysine-excess diet (Diet 3)

Shown on the y-axis are the hormone concentrations (IU/mL or ng/mL). Bars denote
means  SD. All measurements were carried out in duplicate. The * signs denote
differential concentrations between two treatment groups (P < 0.05).
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OVERALL DISCUSSION, CONCLUSIONS, AND PERSPECTIVES
Introduction
The goal of swine production is to convert feedstuffs into pork with high quality
protein for human consumption. Therefore, the growth and development of skeletal
muscle of swine, the predominant component of pork, is fundamentally important for
swine producers (Liao et al., 2015). As is known, the growth and development of skeletal
muscle essentially requires dietary supply of amino acids (AAs). There are about 21 AAs
in the nature that serve as building blocks for muscle protein biosynthesis, of which
lysine accounts for the biggest portion (Chapter I; NRC, 2012). However, pigs cannot de
novo synthesize lysine within the body, thus lysine is a truly essential AA and must be
provided through the diet (NRC, 2012). On the other hand, lysine is the first limiting AA
in almost all conventional grain based swine diets (Austin, 2000; NRC, 2012). Therefore,
dietary supply of sufficient lysine is very critical for swine muscle protein accretion and
whole-body growth performance (Roy et al., 2000; Shelton et al., 2011; Liao et al.,
2015).
It has been accepted that beyond their functions as building blocks for protein
synthesis, some AAs, such as leucine, and also regulate animal metabolic and cellsignaling pathways, which in turn modulate animal growth, development, and many other
physiological functions (Averous et al., 2003; Wu, 2010; Wu et al., 2014; Chapter I).
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Research has shown that animal growth or muscle protein accretion is subject to the
synergistic effect of plasma nutrients, growth-related hormones, and a complex network
of cell signaling pathways that sense the local and systemic signals (Kimball and
Jefferson, 2002; Rennie et al., 2004). However, whether or not lysine is a functional
molecule in the body is still not clear (Rezaei et al. 2013; Liao et al., 2015).
The overall objective of this dissertation project was to explore the metabolic and
molecular mechanisms, by which dietary lysine regulates the growth performance,
especially the muscle growth, of the finishing pigs. Specifically, the project was designed
to study the effects of dietary lysine at different concentration levels on (1) the growth
performance and carcass characteristics, (2) the muscle gene expression profile and the
possible alterations to the metabolic and signaling pathways, (3) the muscle fatty acid
(FA) profile, and (4) the plasma concentrations of growth-related hormones of late-stage
finishing pigs.
Nine crossbred barrows (initial BW at 94.4  6.7 kg) were assigned to 3 dietary
treatments (lysine-deficient, -adequate, and -excess diets) according to a completely
randomized experimental design. During the 5-week feeding trial, pigs were allowed ad
libitum access to experimental diets and fresh water. All pigs were weighed individually
each week during the feeding period for calculation of average daily gain (ADG). The
jugular vein blood was collected at the end of four weeks for analyses of three growthrelated hormones, which were insulin, growth hormone (GH; a.k.a. somatotropin) and
insulin-like growth factor 1 (IGF-1). At the end of the five week trail, pigs were
harvested, the carcass characteristics were determined, and the muscle samples were
collected from the middle portion of longissimus dorsi muscle for mRNA and fatty acid
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profiling. While the detailed research results have been reported in previous Chapters II,
III, IV, and V. the overall discussion and conclusions of the whole project are provided in
this chapter as follows.
Overall discussion
The growth performance data reported in Chapter II indicated that a lysinedeficient diet can decrease the average daily gain (ADG) of finishing pigs. Based on the
“ideal protein” concept (Baker et al., 1993; Baker, 1997), if the concentration of dietary
lysine is low, the ratios of amino acids (AAs) in the diet will be unbalanced causing a
lack of one essential AA (i.e., lysine) for body protein synthesis. An adequate dietary
lysine supply in combination with its ideal ratios with other AAs can lead to an ideal or
balanced diet and a greater ADG of pigs (NRC, 2012). Although the ADG of the pigs fed
the lysine-excess diet was not further increased when compared to the pigs fed the lysineadequate diet (Chapter II), the excess dietary lysine can be absorbed into the blood
circulation, causing increased level of free lysine in the plasma (Regmi et al., 2015). The
data in Chapter II showed that dietary inclusion of lysine at a level in excess of the NRC
(2012) recommendation for the late-stage finishing pigs further increased the dressing
percentage and total lean cut weight (Chapter II), which suggested that a concentration of
dietary lysine higher than the NRC (2012) recommended level may further increase the
market value of the late-stage finishing pigs.
Based on the growth performance data (Chapter II), it was expected there could
be some metabolic and signaling pathways affected by the levels of dietary lysine,
causing a difference in protein turnover resulting in different ADG. The gene expression
profile in longissimus muscle was analyzed and the data showed that approximately 130
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genes involved in different metabolic and signaling pathways were affected by dietary
lysine. Of these, the significant ones are the pathways related to the protein and lipid
metabolism (Chapter III).
Data showed that a high level of dietary lysine may suppress protein degradation
and that dietary lysine deficiency may stimulate protein degradation through the
ubiquitin-proteasome degradation pathway (Chapter III). This implication is supported by
Ishida et al., (2011) who reported that dietary lysine supplementation inhibited the
ubiquitin-proteasome pathway in the skeletal muscle of rats. What’s more, it has been
shown that dietary lysine can regulate protein degradation in skeletal muscle of pigs
(Salter et al., 1990; Roy et al., 2000).
The results of this study also showed that dietary lysine deficiency upregulated
the expression levels of Rho family gtpase 3 (RND3) and Zic family member 1 (ZIC1)
mRNA, which might lead to inhibition of PI3K/Akt signaling pathway, causing
inactivation of downstream effectors of mTOR pathway and resulting in less muscle
protein synthesis (Chapter III). This is supported by Sato et al. (2014) who reported that
lysine could in part affect the Akt pathway in C2C12 murine myotubes and that the
protein synthesis may be increased by lysine through mTOR pathway.
Collectively, the low ADG, low lean cut, and low dressing percentage of the pigs
fed the lysine-deficient diet may be due to increased muscle protein degradation and
reduced muscle protein synthesis. Although there is no difference in the ADG between
the pigs fed the lysine-excess and lysine-adequate diets, further increase in the dressing
percentage and total lean cut of the pigs fed the lysine-excess diet may be due to the
decreased protein degradation.
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Interestingly, several genes related to lipid metabolism were found to be regulated
by dietary lysine (Chapter III). Our data implies that dietary lysine deficiency may
promote lipid accumulation in skeletal muscle via increasing malic enzyme 1 (ME1),
stearoyl-CoA desaturase (SCD), and cell death-inducing DFFA-like effector c (CIDEC)
mRNA expression. Excess dietary lysine may decrease intramuscular fat (IMF)
deposition via decreasing complement factor D (CFD) and ME1 mRNA expression. It
has been reported that dietary lysine deficiency can lead to IMF accumulation in
longissimus dorsi (Witte et al., 2000; Bidner et al., 2004; Kobayashi et al., 2012; Tous et
al., 2014). The active lipid accumulation in muscle might be due to lysine deficiency
which restricts protein synthesis with surplus energy being converted to lipids, and this is
supported by the data found in this study which showed that dietary lysine deficiency
stimulated serine synthesis. The increased serine synthesis may contribute to lipid
biosynthesis, because serine serves as a substrate for synthesis of two membrane lipid
molecules, phosphatidylserine and sphingolipids (Inuzuka et al., 2005).
According to the gene expression data (Chapter III), it was hypothesized that the
IMF deposition was affected by the level of dietary lysine. What’s more, since SCD is the
rate-limiting lipogenic enzyme in the biosynthesis of monounsaturated fatty acids
(MUFA; Ntambi and Miyazaki 2004), lysine deficiency may also regulate the fatty acid
proportion in the skeletal muscle of pigs, especially since it may increase the proportion
of MUFA via the regulation of SCD expression in the muscle.
Data of fatty acid concentration (Chapter IV) demonstrated that the IMF content
of longissimus dorsi was increased with reduced dietary lysine level from excess to
deficiency, which suggests that the IMF content of muscle can be affected by dietary
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lysine. Similar results were found by Katsumata et al. (2005), who reported that a
reduced dietary lysine intake promoted an accumulation of IMF in the longissimus dorsi
of finishing gilts. Several other studies have also shown that there were increases in the
IMF contents in pigs fed the diets with reduced protein (combination of lysine and other
amino acids; Wood et al., 2004; Doran et al., 2006). It has been reported that dietary
lysine deficiency associated with reduced protein diets is needed to obtain an increase in
IMF content of muscle (Madeira et al., 2013a; Madeira et al., 2013b).
In terms of FA profile, our data (Chapter IV) also suggested that dietary lysine
level did not affect the proportion of individual SFA and the total content of SFA in the
IMF. However, the lysine-deficient diet significantly increased the proportion of C18:1 n9 (a predominant MUFA) and total MUFA, and this increase might be due to the
increased expression of SCD as we hypothesized. Furthermore, the ratio of the total
concentration of C16:1 n-7 and C18:1 n-9 to the total concentration of C16:0, C16:1 n-7,
C18:0, and C18:1 n-9 (as an indicator of SCD activity; Yang et al., 1999; Miyazaki et al.,
2003; Doran et al., 2006) was calculated and found it was significantly increased in the
lysine-deficient group, which indicates a higher SCD activity in muscle of pig fed a
lysine-deficient diet (Chapter IV). The data did not show any difference in the proportion
of C18:1 n-9 and total MUFA, as well as the SCD activity, between the lysine-excess and
-adequate groups (Chapter IV), which are all consistent with the gene expression data that
showed no difference in the levels of SCD mRNA (Chapter III).
As suggested by the gene expression data (Chapter III), together with the IMF
content and FA composition data (Chapter IV), it seems that an active process of
adipogenesis might be the reason for the increased IMF accumulation in pigs fed the
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lysine-deficient diet, and SCD, ME1 CFD and CIDEC might be four important genes
related to the FA biosynthesis and IMF deposition in pigs fed diets with different levels
of lysine.
It is generally accepted that an increased level of IMF and/or MUFA content will
have a beneficial influence on pork quality. Thus, the increased proportions of IMF and
MUFA in the skeletal muscle associated with the lysine-deficient diet (as reported in
Chapter IV) may benefit the eating quality of pork. However, lysine-deficient diet was
shown to impair growth performance, especially, to decrease the ADG of the pigs, which
makes it not economically feasible to use this nutritional strategy to regulate the IMF
deposition and meat quality. Further studies are needed to look at whether or not a
transient use of a lysine-deficient diet can improve the pork quality by increasing the IMF
content and altering the FA composition, while at the same time inducing the subsequent
compensatory growth with a lysine-adequate diet (Chapter IV).
While the levels of dietary lysine affect the expression of genes and metabolic
pathways related to protein and lipid metabolism as reported in Chapter III, it was
reported that the regulation of metabolic pathways by AAs is closely associated with the
concomitant responses of some growth-related hormones (Schiaffino and Mammucari,
2011; Liao et al., 2015; Rhoads et al., 2016). The blood plasma concentrations of three
growth-related polypeptide hormones (insulin, GH, and IGF-1) can be affected by animal
nutritional status, which, in turn, regulate the cell and tissue growth in the body (Straus,
1994; Guay and Trottier, 2006; Davis et al., 2010). The data generated from the hormone
analyses (Chapter V) suggested that the level of dietary lysine did not affect the plasma
concentrations of insulin and GH in late-stage finishing pigs. However, both lysine
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deficiency and lysine excess led to a reduction in the plasma concentration of IGF-1 of
the pigs. Thus, it can be concluded that IGF-1, instead of insulin or GH, in the blood
circulation may be a controlling growth factor in response to dietary level of lysine.
Overall conclusions
Dietary lysine level may affect the protein turnover process in the skeletal muscle
of late-stage finishing pigs. In particular, dietary lysine deficiency may lead to increased
muscle protein degradation via the ubiquitination pathway and reduced muscle protein
synthesis via the upregulation of RND3 and ZIC1 mRNA levels, causing a lower ADG, a
lower lean cut weight, and a lower dressing percentage, while dietary lysine excess may
decrease muscle protein degradation, leading to further increase in the dressing
percentage and total lean cut weight when compared to dietary lysine adequate status.
While dietary lysine at different concentrations altered the composition of FAs, especially
the UFA, in the skeletal muscle of the pigs, the IMF content of longissimus dorsi muscle
was increased with reducing dietary lysine from the excess to the deficient level. As
suggested by the gene expression data, SCD, ME1, CFD and CIDEC might be four
important genes related to lipid metabolism that are associated with FA biosynthesis and
IMF deposition in pigs fed diets with different levels of lysine. IGF-1, instead of insulin
or GH, in the blood circulation may be a controlling growth factor in response to dietary
lysine supply for regulating protein turnover and lipid metabolism in late-stage finishing
pigs.
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Implications and perspectives
There is a rising concern over the environment pollution from animal production
industries, such as the nitrogen excreted in feces and urine. One measure to control
nitrogen excretion is to reduce the dietary protein content, while at the same time to
supplement crystalline AAs into the diets to maintain the ideal concentration of each
individual AA. However, a dietary CP reduction greater than 4%, even with the
crystalline AA supplementation, decreased the body protein accretion and impaired the
whole body growth performance (Otto et al., 2003). It seems that there is still much to be
understood on AA nutrition in terms of AA metabolic and signaling interactions and the
muscle growth, and this understanding is very critical for the effective use of commercial
crystalline AAs. Our research provided a better understanding of how lysine regulates pig
growth, which will help the future nutrient management to reduce dietary protein content
while still maintaining the same growth rate of finishing pigs.
To the best of our knowledge, this study is the first to explore the transcriptomic
profile of skeletal muscle of finishing pigs in response to dietary lysine. Some candidate
genes were found to be affected by dietary lysine that regulate IMF content, FA profile,
and muscle growth. However, understanding the gene expression by microarray analysis
can be considered as the beginning of the story. Together with the technology of
proteomics and metabolomics regarding protein expression, post-translational
modifications, and metabolite profile, to understand how lysine or other nutrients regulate
muscle growth and meat quality will be even more systematic. These new technologies
have brought swine nutrition research to the molecular level, which will give animal
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nutritionists new opportunities to develop innovative nutritional strategies to promote
skeletal muscle growth while improving pork quality at the same time.
Nutritional strategies can be effective measures to alter IMF content and FA
composition, as indicated in this study. However, further studies are still needed to
determine whether or not a transient use of a lysine-deficient diet can improve the pork
quality by altering the FA composition and increasing the IMF content, while at the same
time inducing the subsequent compensatory growth with a lysine-adequate diet.
Furthermore, because this study was conducted in the pigs at their late finishing stage and
was limited to longissimus muscle, the future work should be expanded to younger
finishing and growing pigs and with different anatomic muscle parts and organs in order
to fully understand the effect of dietary lysine on the whole body muscle growth and IMF
deposition.
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CXCR6
DBX1
DNAJA1
DND1
EIF2
EIF2
ERLEC1
ESYT1
FUT1
GABPB1

CST9L

Gene Symbol
ALKBH7
AMD1
ATP6V1G2
C7H6orf136
CCDC25
CD164
CFAP20
CFD
CHIT1
CHORDC1
CHSY3
CIDEC
CLCA2
CNTFR
CNTROB
CPEB2

Gene Description2
AlkB, alkylation repair homolog 7
Adenosylmethionine decarboxylase 1
Atpase, H+ transporting, lysosomal 13 kda, V1 subunit G2
Chromosome 6 open reading frame 136
Coiled-coil domain containing 25
CD164 molecule
Cilia and flagella associated protein 20
Complement factor D (adipsin)
Chitinase 1 (chitotriosidase)
Cysteine and histidine-rich domain (CHORD) containing 1
Chondroitin sulfate synthase 3
Cell death-inducing DFFA-like effector c
Chloride channel accessory 2
Ciliary neurotrophic factor receptor
Centrobin, centrosomal BRCA2 interacting protein
Cytoplasmic polyadenylation element binding protein 2
Cystatin-9 like
Chemokine (C-X-C motif) receptor 6
Developing brain homeobox 1
Dnaj (Hsp40) homolog, subfamily A, member 1
DND microrna-mediated repression inhibitor 1
Eukaryotic translation initiation factor 2
Eukaryotic translation initiation factor 2
Endoplasmic reticulum lectin 1
Extended synaptotagmin-like protein 1
Fucosyltransferase 1
GA binding protein transcription factor, beta subunit 1

GenBank3
XM_003123112
XM_003121345
NM_001145380
NM_001243459
NM_001243572
XM_001924626
NM_001244786
XM_003122985
XM_003130296
NM_001113446
XM_003123906
NM_001112689
XM_003125930
XM_003130672
XM_003358269
NM_001185049
XM_003134304
NM_001001623
XM_003122916
NM_001244163
XM_003124043
XM_005672861
XM_005672861
XM_003125147
XM_003126262
NM_214068
XM_005659610

A list of genes or gene transcripts that were differentially expressed among pigs fed three different diets

Transcript ID1
15263546
15184804
15314841
15314665
15229626
15184906
15296214
15255767
15332101
15329843
15259346
15220865
15286963
15202461
15209728
15319886
15248533
15215166
15255294
15202526
15267072
15246704
15249075
15276460
15288283
15297540
15194689

Table A.1
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P-value4
0.00217
0.00139
0.00349
0.00884
0.00568
0.00503
0.00164
0.00269
0.00963
0.00066
0.00154
0.00565
0.00985
0.00801
0.00598
0.00097
0.00801
0.00081
0.00431
0.00029
0.00419
0.00197
0.00197
0.00921
0.00571
0.00413
0.00450

GPR182
H1FOO
HOXA11B
HOXA4
HSP90AA1
HSP90AB1
HSPH1
LCLAT1
LGALS13
LOC100625033
ME1
MFAP3
MIR3187
MORF4L2
MYL6
MYO5B
PDCL
PHGDH
PSPH
RASSF7
RND3
SCD
SERP1
SLC9A2
TMCO6
TXNL1
UBE2B
UBE2D3

15288427
15216623
15251282
15251306
15313557
15310151
15204824
15276892
15302843
15253268
15185014
15245225
15263058
15337580
15292502
15194051
15198805
15286002
15268536
15260400
15235102
15228053
15221605
15270271

15259768
15194165
15218159
15321630

Table A.1 (continued)
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G protein-coupled receptor 182
Oocyte-specific H1 histone
Homeobox A11
Homeobox A4
Heat shock protein 90kda alpha (cytosolic), class A member 1
Heat shock protein 90kda alpha (cytosolic), class B member 1
Heat shock 105kda/110kda protein 1
Lysocardiolipin acyltransferase 1
Lectin, galactoside-binding, soluble, 13
Uncharacterized
Malic enzyme 1, NADP+-dependent, cytosolic
Microfibrillar-associated protein 3
Microrna 3187
Mortality factor 4 like 2
Myosin, light chain 6
Myosin VB
Phosducin-like
Phosphoglycerate dehydrogenase
Phosphoserine phosphatase
Ras association domain family member 7
Rho family gtpase 3
Stearoyl-coa desaturase (delta-9-desaturase)
Stress-associated endoplasmic reticulum protein 1
Solute carrier family 9, subfamily A (NHE2, cation proton
antiporter 2), member 2
Transmembrane and coiled-coil domains 6
Thioredoxin-like 1
Ubiquitin-conjugating enzyme E2B
Ubiquitin-conjugating enzyme E2D 3
XM_003124040
NM_001244276
NM_001257356
NM_001078673

XM_003126290
NM_001205063
AF453292
XM_003134841
NM_213973
NM_001244433
NM_001097504
NM_001142845
NM_001142841
XM_003360198
XM_001924333
XM_003134126
NR_036154
XM_003135267
NM_001163997
XM_003121434
XM_001927696
NM_001123162
NM_001243221
XM_003122393
NM_214296
NM_213781
NM_001243260
NM_001100189

0.00410
0.00674
0.00996
0.00592

0.00068
0.00717
0.00144
0.00265
0.00896
0.00491
0.00815
0.00347
0.00513
0.00885
0.00516
0.00253
0.00621
0.00982
0.00715
0.00100
0.00277
0.00007
0.00631
0.00429
0.00733
0.00686
0.00303
0.00457

UBTD1
XKR4

ZIC1
ZMAT5
ZNF181
-------------------------------------------

15227915
15284156

15221539
15225194
15302378
15344815
15345937
15349723
15347387
15182061
15258761
15233088
15240879
15332195
15276173
15180499
15232252
15195023
15272119
15342067
15346419
15351163
15209896
15181739
15344923
15290393

Table A.1 (continued)
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Ubiquitin domain containing 1
XK, Kell blood group complex subunit-related family,
member 4
Zic family member 1
Zinc finger, matrin-type 5
Zinc finger protein 181
------------------------------------------XM_003358599
XM_001929010
NM_001244818
-------------------------------------------

XM_003359315
XM_003355057

0.00510
0.00414
0.00132
0.00000
0.00011
0.00013
0.00070
0.00105
0.00128
0.00136
0.00155
0.00156
0.00171
0.00172
0.00189
0.00200
0.00205
0.00233
0.00255
0.00257
0.00261
0.00269
0.00296
0.00301

0.00747
0.00593

15341709
15181633
15342887
15279019
15182949
15347493
15181475
15182773
15345617
15256666
15347037
15339967
15340953
15182761
15350707
15350863
15184164
15282393
15286988
15273431
15280254
15339819
15351493
15314718
15341149
15286729
15326843

-------------------------------------------------------
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0.00344
0.00377
0.00430
0.00433
0.00436
0.00448
0.00465
0.00482
0.00491
0.00507
0.00540
0.00548
0.00558
0.00561
0.00562
0.00574
0.00612
0.00619
0.00619
0.00645
0.00665
0.00667
0.00685
0.00691
0.00696
0.00707
0.00716

-----------------------------------------------

-----------------------------------------------

-----------------------------------------------

0.00741
0.00767
0.00775
0.00776
0.00777
0.00813
0.00819
0.00825
0.00826
0.00841
0.00844
0.00859
0.00871
0.00872
0.00900
0.00917
0.00946
0.00948
0.00968
0.00970
0.00971
0.00978
0.00981

RNA sequence ID from Affymetrix Porcine Gene 1.0 ST Array, classified according to the NetAffx transcript classification
system. 2The "---" signs indicate that no annotation had been made to the corresponding DNA or RNA sequences of the porcine
origin. 3The accession number of the gene sequence resided in the GenBank (http://www.ncbi.nlm.nih.gov) database. 4P-value was
obtained from the ANOVA F-test using the Partek Genomics Suite (PGS) software.

1

15332776
15349625
15349601
15182561
15249513
15347693
15221666
15182789
15344477
15244806
15349439
15346091
15340753
15182951
15339581
15281243
15245843
15339337
15271887
15279096
15182455
15342033
15253611
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