Bender, Jan-Marie. Growth, carcass, and meat quality in lines divergently selected for
testosterone production and their crossbred progeny. (Dr. Joseph Cassady)

The objective of this study was to characterize growth, carcass composition and
meat quality in two Duroc lines of pigs divergently selected 10 generations for testosterone
production and then maintained by random within line selection. In generation 21
endogenous testosterone production in the high (HTL) and low (LTL) testosterone lines
averaged 49.0 ng/ml and 27.8 ng/ml (P < 0.01), respectively. Eight LTL and 10 HTL boars
were used to create 29 LTL and 33 HTL litters. These same boars were mated to a line of
white composite (WC) females to generate 11 WC by LTL litters (WLT) and 23 WC by
HTL litters (WHT). Barrows and gilts were then selected LTL (n = 53), HTL (n = 61),
WLT (n = 102), and WHT (n = 101) for testing. Pigs were weighed and scanned using real-
time ultrasound 48 h prior to one of two slaughter dates. Data were analyzed with a mixed
model including fixed effects of line, mating type, sex, and random effect of sire nested
within line. All possible interactions among fixed effects were tested. Growth and carcass
traits analyzed included days to 114 kg (D114), average daily gain (ADG), back fat
adjusted to114 kg (BF), loin muscle area adjusted to 114 kg (LMA), and predicted percent
lean (PPL). Fat-O-Meater data collected included hot carcass weight (HCW), adjusted fat
depth (FDEPTH), adjusted loin depth (LDEPTH) and percent lean (%LEAN). Meat quality
traits characterized included marbling score at 24 h post-mortem (MAR), percent lipid
(%LIPID), pH, water-holding capacity (DRIP), color score (CS) and Minolta L*, a*, and
b*. The HTL had fewer D114 (P < 0.05), greater ADG (P < 0.01), greater BF (P < 0.01)
and lower PPL (P < 0.01) than LTL. For crossbred progeny, WHT and WLT did not differ

for D114, ADG, or BF. The WLT had larger LEA (P < 0.05) and higher PPL (P < 0.01)



than WHT. The WLT had lower LDEPTH (P < 0.05) than LTL and HTL. The LTL and
HTL had higher subjective scores for MAR (P < 0.05). Least square means for %LIPID for
HTL and LTL were 4.00 and 3.95, respectively. The WHT had higher means for DRIP (P <
0.01), L*, a* and b* (P < 0.05) than WLT, but did not differ for pH or CS measurements.
Pigs selected for increased testosterone production grew faster and produced fatter
carcasses than pigs selected for decreased testosterone. Because of their high intramuscular
fat content and acceptable meat quality, these lines may be useful in developing premium

products.
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Personal Biography

Jan-Marie Bender was born January 7, 1981, the third child of Richard and Lou Ann
Bender. She was raised on a tobacco and cattle farm in Ridgeway, North Carolina. Reared
in the warm environment of family and church, high morals and values were instilled in
her. Consequently, God and family have played a prominent role in her life influencing
every decision. At an early age, she grew to appreciate agriculture and all that it meant to
her family and the nation. Graduating Valedictorian from her high school, she pursued
higher education at North Carolina State University. In 2003, Jan-Marie graduated Magna
cum Laude with a major in animal science and a minor in genetics. After graduation, she
pursued a Master of Science in animal science with a concentration in animal breeding and
genetics in the Department of Animal Science at NCSU. Jan-Marie will graduate in 2005
and will seek employment that will allow her to give back to agriculture, her family, and the
community all that they have given to her. Ultimately, she will one day retire to her
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Literature Review

I. General Overview

The swine industry strives to produce efficient, fast growing, lean pigs. The driving
forces behind the industry are profitability and consumer demands. Research projects are
conducted to improve production efficiency and consumer acceptance. The goal is to
provide the public a high quality desirable product in an economically feasible manner.
This is achieved through manipulation of nutrition, management and genetics. Also,
administration of exogenous hormones and growth compounds have been explored.
However, an avenue to consider is exploitation of endogenous hormonal production. Via
artificial selection and quantitative genetics, animals can be adapted over time to alter traits
of interest. Thus, it may be beneficial to alter endogenous hormone concentrations.
I1. Breeds of Pigs
A. Characterization of Breeds

Swine breeders have a seemingly endless array of genetic variation available for
selection. Divergence among breeds yields skepticism of a common ancestral pig, but
breeds of today diverged from the wild hog (Spencer, 1905). Variation in phenotypic and
genetic makeup is explained by different climates, feed resources and quality, and genetic
selection (Spencer, 1905). Consequently, there is interest in population potential.

In our research, there is specific interest in Durocs and their crossbred progeny
(Duroc x White Composite). The Duroc breed association formed in 1883, though exact
composition is uncertain it is predominantly composed of New York Durocs and Jersey

Reds as well as Connecticut Red Berkshires and Vermont Red Rocks (Porter, 1993). These



types intermixed, over many generations, to yield today’s Duroc breed which is noted for
feed conversion, rapid growth, and meat quality (Evans and Evans 1946; Evans, 1918;
Porter, 1993). The white composite line is composed of purebred Landrace and Large
White pigs (Holl and Robison, 2003). Landrace are descendants of Danish Landrace, a
breed composed of Large White and native Danish swine (Briggs and Briggs, 1980; Porter,
1993). This breed is noted for maternal traits, rapid growth, and a long lean carcass (Porter,
1993). Large Whites, or Yorkshires, originated in England and are recognized for their
maternal traits and muscular attributes (Briggs and Briggs, 1980; Porter, 1993). Realization
of the qualities these breeds possess provides the breeder with many options for mating and
selection to ultimately improve the breed and produce a desired product.
B. Characterization of Foundation Population

In the early 1980’s, Robison and colleagues (1994) began to evaluate the impact of
testosterone selection on swine reproduction and growth traits. Up to this point, exploiting
aspects of testosterone synthesis to improve production was largely ignored.
Implementation of direct selection techniques can attain goals, such as increased litter size
and production of rapidly growing lean pigs. However, some traits are lowly heritable and
therefore influenced highly by environmental conditions, which can impede on genetic
progress (Neely et al., 1982). In addition, many traits are sex-limited. This decreases the
quantity of phenotypic data collected in a population limiting selection intensity and
accuracy of selection. It was speculated selection for testosterone might provide a means to
improve growth and reproduction. Numerous traits related to testosterone were reported to
have high heritabilities and would therefore potentially be optimal candidates for selection

(Coulter et al., 1976; Neely et al., 1982; Toelle et al., 1984). Testis measures in cattle,



sheep, and mice are indicative of male reproduction and correlated with female
reproductive efficiency (Coulter et al, 1976; Neely et al., 1982). In swine selection for
increased ovulation increased testis size in boars (Schinckel et al., 1983). Gortsema et al.
(1974) determined castrates’ decreased efficiency was directly connected to the removal of
their endogenous testosterone supply. Initiative was taken to further characterize the
effectiveness of testis measurements, and testosterone level as criteria for selection (Toelle
et al., 1984; Robison et al., 1994).

Duroc boars were divergently selected for testosterone production, from 1982 to
1993 (Robison et al., 1994). Since the initiation of testosterone selection to the present,
these lines have not been directly selected for leanness or growth. To develop these lines
twenty-five females and five males per line were selected each generation. At
approximately 168 d of age, one boar from each litter received a GnRH challenge.
Seventeen blood samples were collected via an indwelling catheter over an 8 h period, 5
before and 12 after the challenge. The five boars with the highest and five lowest post
GnRH testosterone concentration were chosen as sires for the high and low line
respectively. Following 10 generations of selection, lines were maintained via random,
within line selection.

Testis measurements and growth data were recorded during the course of selection.
In generation 10, the mean testosterone level prior to the GnRH challenge was 81.82 ng-ml’
Lh™ in the high line and 24.18 ng-mI™-h™t in the low line (Robison et al. 1994). Post GnRH
mean testosterone levels were 200.12 and 75.18 ng-ml™-h™ in the high and low lines
respectively (Robison et al., 1994). This was a three fold difference between lines in

production both pre and post GnRH in generation 10. However, in generation 21, the



difference, still significant, was not quite two fold (high: 49; low 28) (Walker et al., 2004).
The observed difference in magnitude may be indicative of actual change in the lines or a
reflection of different methods used to quantify testosterone production. For the population,
testosterone concentrations both pre and post GnRH injection were moderately heritable
(Lubritz et al., 1991). Testosterone level was favorably correlated with testis size, average
daily gain and days to market weight (Lubritz et al., 1991). Realized heritability differed
between the high and low lines. A higher degree of response was realized in the high line,
and cumulative selection differential was lower in the low line (Robison et al., 1994). This
may be attributed to reaching biological limits in the low line, which impeded reproductive
aspects (Robison et al., 1994). In addition, the limited size of the foundation lines resulted
in substantial inbreeding especially in latter generations. Accumulation of inbreeding will
indirectly influence various measures beyond the direct and indirect effects of testosterone
selection.

In addition to the testosterone lines evaluated in this study, White-composite (WC)
animals crossed to the high and low lines were evaluated. The WC line was selected for
litter size. Previously it was determined that direct selection was not an effective means to
increase litter size because of the detrimental impact of maternal influence (Revelle and
Robison, 1973). Holl and Robison (2003) used estimated breeding values (EBV) of number
of live born pigs to increase litter size. To establish this population 15 boars and 32 females
from the Nebraska control line Large White-Landrace composite (Neal et al., 1989), were
obtained. The population was randomly mated for two generations and full and half-sib
matings were avoided throughout the project to limit accumulation of inbreeding (Holl and

Robison, 2003). For the select line, 48 to 60 females and 15 boars with the highest EBV



were selected each generation, though no more than four gilts represented a single litter
(Holl and Robison, 2003). Litters, in which gilts were raised, were limited to a maximum of
10 pigs via crossfostering that occurred within 24 h of farrowing (Holl and Robison, 2003).
At generation nine, cumulative inbreeding, in the select line, was estimated to be 0.09%
(Holl and Robison, 2003). Increasing litter size yielded a positive correlated response in
number of days to 104 kg and adjusted backfat (Holl and Robison, 2003). The select WC
line females were mated to Duroc boars from the high and low lines to produce terminal F;
progeny.
I11. Hormonal Implications in Growth and Development
A. Testosterone

Testosterone (Ci9H280,), an androgen, is the primary male sex hormone. It is
synthesized from cholesterol and is imperative to sexual differentiation and protein
accretion. Following fertilization, presence of the Sxr gene on the Y chromosome signals
Leydig cells in the fetal testis to produce testosterone (Senger, 1999). Fetal testosterone has
the capacity, unlike fetal estradiol, to transverse the blood-brain barrier (Senger, 1999).
Upon entrance, it is aromatized to estrogen desensitizing the hypothalamus and eliminating
the surge center in males. Consequently, males have a consistent release of GnRH, which
stimulates the anterior pituitary to secrete LH and FSH, compounds imperative to
steroidogenesis and testicular development (Schinckel et al., 1984). Luteinizing hormone
initializes synthesis and release of testosterone from interstitial Leydig cells by binding to
receptors activated by FSH. Elevating GnRH secretion may cause increased LH levels and
in turn higher testosterone (Fent et al., 1983). Selection for or increases in LH concentration

would increase testosterone production and associated traits (Brock and Wettermann, 1976;



Bates et al., 1986). However, continuous presence of LH causes the Leydig cells to become
unresponsive. Consequently, testosterone, in addition to estradiol synthesized in the Sertoli
cells, create a negative feedback on the hypothalamus regulating GnRH and LH production.
It is speculated that if selection were implemented on testosterone, LH would be suppressed
and negatively impact testicular traits though there is not substantiating evidence to this
perspective (Bates et al., 1986). This intricate system of checks and balances regulates and
controls male reproduction.

Postnatally, testosterone alters body composition. Testosterone enhances growth and
muscle development (Snochowski et al., 1981; Spencer, 1985). Lubritz et al. (1991) found a
positive association between testosterone concentration and growth. As testosterone
concentration increased, pigs had fewer days to target weight and there was a tendency for
low testosterone lines to have less backfat (Robison et al., 1994). It is proposed that the
mechanism by which protein accretion occurs is through an anabolic effect on protein
metabolism, increasing deposition rate of protein and not altering fat deposition (Coulston
and Corte, 1976). This can be visually assessed in comparison of females and intact males.
Males typically grow faster, are leaner, and larger in stature (Gortsema et al., 1974;
Spencer, 1985). Removal of male’s endogenous supply through castration alters growth.
Castrated males typically deposit protein slower and lay down adipose tissue at a faster rate
than intact males and females (Jenkins et al., 1988; Dunshea et al., 1993; Schoonmaker et
al., 2002). Consequently, testosterone production is beneficial in improving quantity of
muscle produced (Dunshea et al., 2001).

Relationships among testosterone, testicular traits, and growth are of profound

interest. In swine, testis size is moderately heritable (Schinckel et al., 1984; Lubritz et al.,



1991). Testosterone concentration is also moderately heritable (Lubritz et al., 1991).
Positive moderate phenotypic correlations exist among testosterone level and testicular
traits, while genetic similarities between the traits are highly associated (Lubritz et al.,
1991). Scientific reports of these associations are contradictory. Robison et al. (1994)
reported increasing testis weight with increasing testosterone concentration, but Walker et
al., (2004) did not confirm this association in the same lines of pigs. The biological
mechanism responsible for divergence in testosterone production in these lines is unknown.
It could result from changes in the hypothalamus, pituitary, and Leydig cells or some
combination of the three. There is some indication that Leydig cell number did increase and
contributes to high testosterone production (Walker et al., 2004). In other projects, high LH
levels and the tendency for high testosterone and estradiol concentration were observed for
pigs with greater testis weight (Schinckel et al., 1984). It is hypothesized that heavy testis
animals may be less sensitive to the negative feedback mechanism (Schinckel et al., 1984).
Adjusting steroid concentrations to a constant testis size, removes the effect, in fact
testosterone concentration is slightly lower in large testis animals around puberty
(Schinckel et al., 1984). Furthermore, McNeilly et al. (1986) observed testosterone
concentration did not differ in ram lambs with different testis size though larger testis did
exhibit higher mean values and castrates of the lines showed the same rank in growth. This
is indicative of gonadal steroids not being altered when phenotypic selection is imposed on
testis size (McNeilly et al., 1986).

Generally, growth traits are considered moderately heritable thus explaining
response to selection for such traits. Estimates of correlation between growth and testicular

traits are variable however. In some populations, correlations are measured to be negligible



(Wilson et al., 1977). Others found moderate to high phenotypic and genetic correlations
between the two categories (Neely et al., 1982; Toelle et al., 1984; Lubritz et al., 1991).
Specifically, large testis weight was unfavorably associated with increased fat and
favorably correlated with body weight (Neely et al., 1982; Schinckel et al., 1984). Allrich et
al. (1982) and Lubritz et al. (1991) reported no association between testis size and body
weight. If specific and consistent associations among these traits can be established,
selection for testicular traits may be useful.

Selection for increased testis size may cause early maturity. Previous reports have
shown that growth tends to increase with testis size. In addition, steroid hormones are
increased because of higher numbers of Leydig cells (Walker et al., 2004). Thus, hormonal
increases would potentially decrease age at puberty (Johnson et al., 1994). Selection for
leanness yields small testis weight and delayed maturity, while selection for heavy testis
weight increased backfat and earlier maturity which shifts the growth curve (Schinckel et
al., 1983; 1984). A certain proportion of fat must be present to attain sexual maturity.
Therefore, selection for testicular traits to improve growth may accelerate puberty
(Schinckel et al., 1983). Consequences of this rapid early growth could lead to smaller
animals at finishing stages (McNeilly et al., 1986). This aspect of younger maturity could
prove to be both an asset and liability, depending upon the goals of the producer.

B. Estrogen

Many of the same hormones that control male development share a role in female
reproduction and growth (Bates et al., 1986). Estradiol is the primary sex steroid for
females. Testosterone’s presence is important as it is a precursor to estradiol in the

steroidogenic pathway. Consequently, concentration of testosterone will indirectly



influence estradiol levels. In addition, it is speculated that similar autosomal genes regulate
the production of these hormones and gonadal activity (Land, 1973). Similar gene action is
observed as selection for increased ovulation rate yielded a 10-12% increase in testis weight
(Schinckel at al., 1983). Analogous to stimulation of the hypothalamus by testosterone
produced by the male gonads, growing follicles on the ovary release estrogen initiating the
surge center (Senger, 1999). Gonadotropin-releasing hormone (GnRH) from the
hypothalamus acts on the anterior pituitary to produce LH and FSH. LH then binds to
receptors on theca interna cells initiating conversion of cholesterol to testosterone which
then transverses the granulosa cells (Senger, 1999). Follicle stimulating hormone (FSH)
bound to receptors on granulosa cells then signals testosterone conversion to estradiol
(Senger, 1999). In addition, it is speculated that concentration of LH in males is related to
female reproduction behavior (Bates et al., 1986). Though gonads differ among sexes, the
functions of the messengers used for accomplishing the task are the same.

Estradiol promotes growth and reduces fat (Galbraith and Topps, 1981). A
significant proportion of this growth can be attributed to changes in bone density (Mahgoub
et al., 2001). It seems the greatest effect of estradiol occurs early in life and long-term may
prohibit substantial growth (Spencer, 1985). Negative affects on growth are typically not
relevant to domestic livestock production since animals seldom reach physiological
maturity. For breeding animals, retained in the herd, the ramifications may deserve more
consideration.

If females are ovariectomized, there is a substantial increase in the proportion of fat
stored in the body (Wade and Gray, 1979). Estradiol in addition to progesterone dictates

lipid synthesis and storage in liver and adipose tissue (Schwartz and Wade, 1981). Removal
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of estradiol in rat leads to increased body weight but effects are countered with hormonal
replacement (Schwartz and Wade, 1981). Although, few females are castrated such research
does provide a better understanding of estrogen’s role in the body.
C. Other Hormones

Pituitary growth hormone (GH), a peptide hormone, is a principle hormone involved
in growth and is essential to understanding compositional differences among lines, breeds,
and sexes (Spencer, 1985). Growth encompasses aspects of increasing cell number
(hyperplasia), size (hypertrophy) and within cell substances (Spencer,1985). Each aspect is
influenced by the environment, nutrition, hormones, genotype, sex, and age (Gopinath and
Kitts, 1984; Spencer, 1985). GH hormone secretion is controlled by somatocrinin and
somatostatin, released from the hypothalamus (Spencer, 1985). GH affects body
composition by altering muscle mass and fat tissue (Barb et al., 2001). In cattle, GH may
increase muscle and decrease fat such that weight may or may not change (Silence, 2004).
Gopinath and Kitts (1984) reported increased growth in steers with higher concentration of
GH. In swine, muscle mass deposition is more pronounced so weight gain more often is
realized (Silence, 2004). The concentration of circulating GH is not directly associated with
rate of growth (Spencer, 1985). However, daily secretion of GH in cattle and swine is
positively correlated with lean tissue accumulation but negatively associated with fat
accretion (Machlin, 1972; Spencer, 1985). Plasma GH is positively correlated with hot
carcass weight and longissimus muscle area (LMA) (Trenkle and Irvin, 1970). In low fat
pig lines, GH levels were higher than those in high fat pig lines (Althen and Gerits, 1976).
Others have reported negative correlations with GH and growth and carcass meatiness

(Siers and Hazel, 1970; Hafs et al., 1971), and positively associated with fat in swine (Siers
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and Hazel, 1970). Fat may be a target of GH because GH receptors are found in adipose
tissue (Louveau and Gondret, 2004). It is speculated that the presence of GH is necessary
for androgens, like testosterone, to promote growth (Spencer, 1985). Furthermore,
testosterone enhances GH secretion perpetuating growth (Galbraith et al., 1978). Thus,
increases in testosterone may increase GH secretion and growth.

GH is a component of the somatotropic axis (Louveau and Gondret, 2004). It is
composed of GH, insulin-like growth factors, respective receptors, and binding proteins and
has an important role in dictating muscle and adipose growth and development (Louveau
and Gondret, 2004). The pulsatile secretion of GH stimulates IGF-I production (Louveau
and Gondret, 2004). IGF-I and IGF-II are also involved in lean and fat deposition. IGF-1 is
positively associated with growth and IGF-II with fat (Suzuki et al., 2004). Higher
concentrations of IGF-I are found in boars (Suzuki et al., 2004). Consequently, it may be
speculated that increases in testosterone may have a cascading effect on GH and indirectly
on IGF-I to increase growth.

D. Exogenous Hormones

Naturally occurring hormones of intact males are responsible for higher gains and
higher proportion of lean compared to females (Montgomery et al., 2001). Circulating
gonadal hormones alter growth and composition (Wade and Gray, 1979). Considering that
females comprise one-half of the population, these production loses are substantially
hindering. Though castration eliminates associated behavioral issues and taint, it also
eliminates the beneficial effects of testosterone (Montgomery et al., 2001). In order to

overcome the inefficiency of females and negative impacts of castration, producers tend to
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rely on exogenous steroids (Montgomery et al.,, 2001). These compounds are often
synthetic versions of naturally occurring hormones.

Administering testosterone or estrogen analogs to steers and heifers increases
weight gain that is also evident in the carcass (Montgomery et al., 2001; DeHaan et al.,
1990). It promotes muscle growth, increasing rib-eye area and decreasing fat (Faulkner et
al., 1989; Montgomery et al., 2001). In barrows, exogenous hormones, estradiol and
testosterone analogs, decrease fat resulting in a leaner carcass (DeWilde and Lauwers,
1984). When gilts are supplemented, they also achieve greater weight gain (DeWilde and
Lauwers, 1984). In rats, females overectomized have increased body weight and fat, but
administration of estrogen returns body weight and fat to normal levels (Wade and Gray,
1979). Testosterone also caused a marked change in body composition and weight
decreasing the amount of fat (Wade and Gray, 1979). Exogenous hormones are in effect
increasing protein deposition more so than altering fat mass, which is analogous to the
function of natural testosterone (Schoonmaker et al., 2002). Skeletal muscle has receptors
for androgens permitting anabolic hormones, like testosterone, to induce muscle synthesis
(Snochowski et al., 1981; Unruh, 1986). Furthermore, scientists have evaluated the effects
of administration in utero. Results were most notable in females increasing gain and
decreasing fat, though birth weight was lower (DeHaan et al., 1990). Hamernik et al. (1987)
found androgenized heifers to have lower ADG. Differences may be associated with
variations in dosage, stage of gestation given and duration (DeHaan et al., 1990).
Ultimately, this may explain the roles of these hormones and provide management

techniques to acquire efficient desired growth in all sexes.
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Aside from administering exogenous steroids to livestock, injecting GH also
provides advantageous results to the producer. Sporadically elevating circulating GH does
not substantially increase growth (Spencer, 1985). In part this may be attributable to the
body attempting to maintain homeostasis and thus, quickly removing it from circulation
(Spencer, 1985). Consequently, in species such as swine injections must be consistent
(Machlin, 1972). Administration of GH in sequence with adequate rations increases ADG
and carcass weight not altering intramuscular fat therefore it is providing a means to alter
and increase muscle growth (Machlin, 1972; Campbell et al., 1990; Vestergaard et al.,
2003). It seems exogenous GH moves composition to protein, preventing lipid deposition
(Machlin, 1972; Muir et al., 1983; Walton et al., 1987). It may be altering metabolism of
adipose or decreasing fatty acid synthesis (Walton et al., 1986). The latter occurs regardless
of age, sex and breed (Louveau and Gondret, 2004). Though exogenous GH can improve
growth and composition there are high labor costs associated due to the prolonged period of
administering it to livestock (Silence, 2004).

Though exogenous compounds and steroids have proven in many instances to
improve growth efficiency and provide desirable products, techniques must be developed
that do not rely on them. The safety of these compounds, for human consumption and the
environment, are uncertain and data on their status is at best variable (Silence, 2004). For
instance, diethylstilbestrol (DES) was removed from the market because it was suspected to
cause cancer at high doses (Montgomery et al., 2001). Such publicity deters consumers
from purchasing these meat products and adversely affects the reputation of livestock
producers. Consequently, it is imperative to derive alternatives that will permit

advantageous gains while producing a product that is safe and healthy for consumers and
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the environment. This may be accomplished through selection for endogenous hormonal
production.
V. Effects of Testosterone Selection on Traits
A. General Selection

Growth, carcass and meat quality traits are economically important to the swine
industry. To improve production, producers have implemented techniques that are
economically beneficial to the industry. In addition, consumer demands and preferences
have directed producers to select for various traits. Consumers drive the market and in order
for pork to remain a viable source of protein, their wants and demands must be satisfied.
Individuals are searching for a combination of nutritious, affordable, aesthetic and palate
pleasing protein (Jeremiah, 1998). Changes in standards of living and diet have caused
demand for lean pork and have forced the industry to produce lean pigs (Jensen et al., 1967;
Bereskin, 1987). For numerous years breeders have concentrated on lean meat production
via breeding, management and nutrition (Cross et al., 1970; Brewer et al., 2002). Advances
and success realized in carcass composition has ultimately been at the expense of meat
quality (Cisneros et al., 1996; Lonergan at al., 2001; Estany et al., 2002). Consequently, this
has given rise to inconsistent meat quality that in many respects is inferior to pigs of the
past (Affentranger et al., 1996). Attention must not only be given to growth and carcass
composition, but also to meat quality to improve pork (Matthews et al., 2001).
Understanding the biological intricacies, relationships and parameters of all traits will
provide a clearer view of where the industry needs to go in the future.

B. Growth and Carcass Traits



15

As previously alluded numerous breeds exist today and variation exists for traits of
interest. Ideally, one breed would possess all qualities of interest; however this is rarely the
case. Differences among breeds and lines can be attributed to founder effect, selection, and
drift (Cassady et al., 2004). Therefore, a breeder must make use of predetermined
characters and genetic techniques. In essence develop a pig that exhibits the best product.
Knowledge of breed effects is mandatory (Lo et al., 1992a). One must consider all traits
that are of economic importance and assets to the industry (Edwards et al., 2003). Durocs
are typically known to reach market weight at a latter age than other breeds (Cisneros et al.,
1996). Studies have shown backfat to be higher in Duroc sired progeny (Edwards et al.,
2003). Discrepancies among studies may be due to selection protocols implemented on
(within) various populations. In addition backfat also increases with age and slaughter
weight (Cisneros et al., 1996; Latorre et al., 2003). This is detrimental to production
because it coincides with deterioration in feed efficiency (Cisneros et al., 1996; Latorre et
al., 2003). Pigs that gain lean tissue rapidly are more efficient in utilizing feed (Taylor and
Field, 1998). Adipose tissue however, is deposited faster than lean so fat pigs grow faster
than lean pigs. Selection in the swine industry has changed lean growth rate and today pigs
have faster leaner growth. Consistent with this logic, Bereskin (1987) and Toelle et al.
(1984) characterized Durocs that had high ADG, fewer days to target weight, and less
backfat. The white composite line (WC) was selected for maternal traits, which
economically are crucial to pork production. Selection for increased litter size has caused
slower growth and fatter carcasses (Estany et al., 2002). Litter size and growth rate are
lowly associated where as backfat and litter size are moderately correlated (Young et al.,

1978; Holl and Robison, 2003). Furthermore, selection for increased litter size has led to
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reduction in LMA (Petry et al., 2004). Literature reports of these breeds provide some
indication and explanation of how such animals will perform.

Carcass composition and growth traits are not only influenced by breed or genotype
but sex as well (Cisneros et al., 1996; Unruh et al., 1996; Latorre et al., 2003). Boars grow
faster than castrates or females. Intact males attain market weight at a younger age, exhibit
higher ADG, less backfat, and smaller LMA than gilts (Bereskin, 1987). Asides from some
countries, boars are typically not raised as market animals because of 5a-androsternone or
boar taint (Willeke et al. 1987). Consequently, barrows and gilts are encountered more
often in US markets. Barrows grow faster than gilts. They have fewer days to target weight,
higher ADG, more backfat and smaller LMA (Cisneros et al., 1996; Leach et al., 1996;
Cassady et al., 2004; Latorre et al., 2004). Fat accumulates when an animal has consumed
excess energy and the excess is stored for latter use (Louveau and Gondret, 2004). Fat takes
many forms and is stored in a variety of places including in muscle, beneath the skin and in
the abdomen (Louveau and Gondret, 2004). Increased fat leads to heavier carcasses at
slaughter (Leach et al., 1996; Latorre et al., 2004). However, this rapid growth often makes
the carcass less desirable (Quijandria et al., 1970). Gilts have less backfat and larger LMA
(Cisneros et al., 1996). These differences in growth traits can be directly associated with
differences in endogenous hormones. Hormonal differences also clarify why barrows with
rapid growth still have an abundant amount of fat.

Data from carcass traits previously described can be gathered on both live animals
and carcasses. Evaluating carcasses based on merit accomplishes quality control,
identification of superior animals, and assurance to buyers purchasing germ plasma

(Burson, 2001). Real-time ultrasound, used by an experienced technician, is extremely
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accurate (NPPC, 2000). Packing plants have adopted technology that permits fast efficient
carcass grading. One popular system used in numerous U. S. facilities is the Fat-O-Meater
produced by SFK Technology. It is an optical grading probe containing a light emitting
diode, which emits infrared light, and a photo diode that detects reflectance (NPPC, 2000).
Fat reflects more light than lean tissue so fat and loin depth can be determined (NPPC,
2000). Also, hot carcass weight is measured and carcass lean predicted (Burson, 2001).
This technology is advantageous because it is fast and consistent, but it is limited by
opportunity for operator error and having only one measurement collected that may or may
not be representative of the whole (NPPC, 2000). Collection of these measurements helps
to define carcass condition and provides insight on what protocols are accomplishing the
goals.
C. Meat Quality Traits

Meat quality traits are influenced by age, genetics, nutrition, physiological maturity
and pre and post slaughter handling techniques (Allen et al., 1966; Honikel, 1987b;
Jeremiah, 1998; Huff-Lonergan et al., 2002). Due to these multifactorial influences, it is
imperative to evaluate all levels of impact on expression of a specific characteristic. The
goal must be to produce consistent uniform pork within populations for their respective

market.

As alluded to earlier, selection for leanness in the swine industry negatively
impacted meat quality. This is evident in regards to marbling. Selection for lean pigs
decreases the quantity of intramuscular fat (Unruh et al., 1996; Lonergan et al., 2001). An
unfavorable genetic correlation exists between carcass lean and marbling; however, they are

not highly correlated (Arganosa et al., 1969; Jeremiah, 1998). Furthermore, in cattle, as
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longissimus muscle area increases it has a dilution effect on the quantity of visible fat
(Duckett et al., 1999; Schoonmaker et al., 2001). In addition, animals selected for lean
growth have higher pH though it does not appear to alter color there was a tendency for
darker loins (Unruh et al., 1996). Selection has also resulted in pale, soft, and exudative

meat (PSE) which has low water-holding capacity (WHC) (Lonergan et al., 2001).

As with most traits variation exists within breeds and meat quality is no different.
Durocs are typically considered to be a breed possessing exceptional meat quality and are
often used in breeding programs as terminal sires (Sato et al., 2003). Durocs tend to rank
favorably for color, pH, water-holding capacity, and marbling in comparison to other
breeds (Jensen et al., 1967; Edwards et al., 2003; Candek-Potokar et al., 2002; Suzuki et al.,
2004). The White composite composed of Large Whites and Landrace, is a maternal type
breed with average meat quality. Selection for traits like litter size does not seem to
influence aspects of meat quality (Estany et al., 2002). There is some indication a* values
are increased indicating the meat tended to be redder potentially a result of the pigs being
more mature (Estany et al., 2002). With selection for litter size, intramuscular fat did not
change like backfat did indicating backfat and intramuscular fat are controlled by different

genes (Estany et al., 2002).

Males, females, and castrates also differ in meat quality. Barrows have a greater
amount of marbling than gilts and boars (Barton-Grade, 1987; Leach et al., 1996; Larzul et
al., 1997; Candek-Potokar et al., 2002). This is observed across species. Steers also out
perform bulls in marbling (Gortsema et al., 1974). This indicates that hormone production

may be controlling growth and rate of adipose tissue deposition. Furthermore
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administration of anabolic hormones to castrates, eliminates difference in intramuscular fat
between castrates and intact males (Schoomaker et al., 2002). Typically, no differences in
pH are discerned between gilts and barrows (Cisneros et al., 1996). However, some studies
have found females generally have lower pH than males because of high glycolytic
potential (Leach et al., 1995; Larzul et al., 1997; Latorre et al., 2004). Glycolytic potential
is related to the quantity of glycogen and lactate derivatives stored in muscle, and large
amounts translate into potentially low pH (Young et al., 2004). In addition, intact males
have a higher pH (Unruh, 1986). Differences in pH are observable in water holding
capacity and color. Drip loss is higher in gilts, indicating lower water-holding capacity
(Cisneros et al., 1996). Intact males have higher pH values and higher water-holding
capacity. Over time differences among sexes disappear (Honikel, 1987b). Barrows are
reported to have less vivid color (paler meat) than intact males, which generally have darker
lean tissue (Unruh et al., 1996; Unruh, 1986). Conversely, barrows have darker meat than
gilts (Cisneros et al., 1996). The production of endogenous testosterone may be partially

responsible for darker tissues seen in intact males.

To understand why these traits vary across breeds and sexes, some knowledge of the
traits is needed. Marbling is adipose tissue congregated within muscle fibers. It can range
from abundant to sparse, large to small flecks, and even to uneven distribution. Marbling
can be measured subjectively, by a trained individual, on a visual standard scale of 1 to 10
derived by the NPPC (2000). A score of 1 indicates a minimal amount of intramuscular fat
and 10 means marbling is extremely abundant. These standards are directly correlated with
percentage of intramuscular fat such that a visual score of 5 is equivalent to 5%

intramuscular fat (NPPC, 2000). However, rarely will these two scores match exactly since
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the first is subjective, but it does provide a general idea of chemical content. Subjective
scores should only be assessed after the carcass has sufficiently chilled, generally 24 hours
post-mortem, to ensure the fat can be differentiated (NPPC, 2000). Marbling scores are
influenced by temperature and the amount of time meat is exposed to oxygen (Montgomery
et al., 2001). Alternatively, amount of adipose tissue can be quantified through chemical
analysis. Multiple methods exist, but the most prominent include ether extract and the Folch
method. Ether extract uses petroleum or diethyl ether to educe the lipid portion from
samples (NPPC, 2000). In contrast, the Folch method uses a chloroform-methanol mixture
for extraction, eliciting all lipids including phospholipids (Folch et al.,, 1957).
Consequently, in comparison to ether extraction Folch gives a slightly higher estimate

(NPPC, 2000). These methods provide useful insight to the quantity of fat within lean.

Importance of marbling to meat quality is sometimes debated. Sufficient amounts of
intramuscular fat are associated with an enjoyable eating experience (NPPC, 2000). Jensen
et al. (1967) found that intramuscular fat explained 70% of variation in moisture. Others
have asserted marbling does not enhance quality, but these discrepancies may be explained
by variation in actual fat content (Lo et al., 1992a). For benefits of fat to be noted the
content needs to be above 2% (Tarrent, 1992). However, higher levels will deter individuals
from making a purchase (Tarrent, 1992). The major issue with consumers and marbling is
the associated calories. Health conscious consumers want to minimize caloric intake.
Research shows however that an increase in chemical content of intramuscular fat has only
minimal effects on amount of calories (Jeremiah, 1998). To enjoy the positive aspects of fat

while avoiding excess calories it is recommended that loin chops have 2.5 - 3.5% lipid or a
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subjective score of 2 - 4 (Fernandez et al., 1999). Consuming meat with this amount of

marbling will help to ensure a more consistent eating experience.

Intramuscular fat is not the only trait contributing to meat quality. Studies indicate
that although it is positively associated with taste, overall it accounts for only a small
portion of variation observed in palatability (Jeremiah, 1998). Another aspect highly
correlated with meat quality is pH, a measure of acidity and alkalinity of a solution on a
scale 1 to 14, 7 being neutral and lower numbers more acidic. pH is not actually a meat
quality trait, rather it is an indicator of overall quality because of its relationship with other
traits (Huff-Lonergan et al., 2002). pH can be measured at various times. The time at which
pH is measured indicates different aspects of quality. Measures at forty-five minutes after
slaughter indicate rate of pH decline, but obtaining readings at chain speed is cumbersome
(Bendall and Swatland, 1988). Ultimate pH measured 24 hours post-mortem, when other
data are also being collected, indicates the extent of decline in pH. Research indicates that a
desirable ultimate pH reading is 5.6 to 5.8 (Offer, 1991; Young et al., 2004). Ultimate pH
values below the ideal, or pH decline exceeding the normal rate yields meat that is pale,
soft, and exudative (PSE) (Bendall and Swatland, 1988). In contrast, ultimate pH values
above 6.1 result in dark, firm, and dry (DFD) meat (Bendall and Swatland, 1988; Young et
al., 2004). It stands to reason that targeting this range will also generate a more consistent
product

When an animal is permanently incapacitated metabolism within cells continues.
Complex reactions in addition to rate and degree of this metabolism is responsible for
converting muscle to meat and in essence determines its overall quality (Greaser, 2001).

The rate and extent of cellular metabolism directly influences traits such as water-holding
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capacity and color (Bendall and Swatland, 1988). Glycogen stores are broken down leading
to accumulation of lactic acid, and thus, a decline in pH (Greaser, 2001). Amount of
glycogen, rate of metabolism, anatomical location of muscle, and temperature determine
how long glycolysis is sustained (Greaser, 2001; Huff-Lonergan et al., 2002). In pigs post-
mortem glycolysis is naturally rapid elevating the seriousness of the problem (Offer, 1991).
Speed of metabolism is influenced by genetic predisposition, such as the Ryanodine
receptor and Rendement Napole genes, and preslaughter stress (NPPC, 2000). In respect to
genetics, the industry has been proactive, taking steps to eliminate the Ryanodine receptor
gene from the commercial population. Management practices must be initiated to minimize
stress. Pigs should be allowed to rest and recover from excitement of transport and new
surroundings prior to slaughter (NPPC, 2000). Stunning and sticking should be executed in
an efficient manner and time to chilling should be minimized (NPPC, 2000).

Glycolysis stops when glycogen is depleted, the environment is too acidic for
enzymes to function, or when the temperature is cold enough to terminate reactions (NPPC,
2000; Young et al., 2004). If pH decline is at a normal rate, heat can efficiently be
dissipated over a long period, but when glycolysis is increased, heat within the carcass is
elevated (Offer, 1991). At high temperatures, low pH denatures proteins altering molecule
structure (NPPC, 2000). Consequently, it is imperative that carcasses are cooled rapidly to
stop metabolism (Offer, 1991; Greaser, 2001). When pH is measured, care must be taken to
insure its accuracy. Probes must be calibrated and cleaned on a regular basis (Bendall and
Swatland, 1988). Also, temperature and humidity needs to be the same and properly noted
(Bendall and Swatland, 1988; NPPC, 2000). Ignoring these components will lead to

unreliable data.
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One trait highly associated with pH is water-holding capacity (WHC). WHC is a
measure of meat’s ability to retain water (NPPC, 2000). Limited WHC means that meat will
loose weight, nutritional value, and have an undesirable physical appearance (NPPC, 2000).
Water-holding capacity is an economically important trait because it influences consumer
purchase and product yield and outcome for processors (Roseiro et al., 1994). Dependent on
fat content, muscle is approximately 70 - 75% water (Honikel, 1987b). Water is bound in
three ways. A small portion (0.8 — 2.0%) is tightly bound to molecules, 4 - 12% is
associated with charged molecules (pH dependent) and the majority (60 - 70%) is free
water housed in extracellular space between the network of filaments and structural proteins
(Kauffman et al., 1986a; NPPC, 2000). As pH decreases WHC also decreases because pH
affects charges and protein structure (Honikel, 1987b; NPPC, 2000). Proteins are at their
iso-electric point around a pH 5.0 and thus have a net charge of zero (NPPC, 2000). At this
point, there is minimal repulsion between molecules and the space between fibers
decreases. Therefore water is not attracted to the molecules and there is less space for it to
reside increasing purge. If pH is above or below the iso-electric point molecules are
charged, there is increased space, and meat retains water better (Kauffman et al., 1986a;
NPPC, 2000). If the ultimate pH is greater than 6.0, the meat tightly binds water molecules
generating a dry outward appearance that is less preferred (Kauffman et al., 1986a; Bendall
and Swatland, 1988; Abril et al.,, 2001). When meat becomes very acidic, myosin is
denatured changing protein structure and fibers shrink such that more fluid is lost (Offer,
1991; NPPC, 2000). A combination of the rate of temperature and pH decline influences
WHC. If temperature decreases before pH is low, if pH and temperature decline are both

slow, and finally if pH rapidly decreases while temperature is high WHC is decreased
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(Honikel, 1987b; Roseiro et al., 1994). However, only 24% of variation in WHC is
accounted for by pH (van Laack et al., 1994). Therefore, WHC is affected by other factors

that must be identified.

Determining methods that provide a reliable, accurate, economical estimate of
water-holding capacity has been a challenge. Measuring water loss over time during
processing and storage is extremely representative of what is going on but it is after the
fact. Also, it is difficult to analyze such data, and there are numerous factors that can alter
WHC including time, muscle fabrication and size (NPPC, 2000). Ideally, methods could be
used to assist in sorting and handling carcasses. The filter paper test can be conducted at
packing facilities. It is rapid, inexpensive and relatively accurate (Kauffman et al., 1986b).
Although, human error and environmental conditions can alter results (Kauffman et al.,
1986b). Another choice is Honikel’s 48-hour drip test (Honikel, 1987a). Duration of
Honikel’s test represents the average duration fresh pork is on display (Kauffman et al.,
1986b). Size and shape of muscle will influence the amount of purge because as surface
area increases amount of water lost proportionally increases (Honikel, 1987b). Therefore, it

is important with this technique to use consistent samples.

An additional trait closely associated with meat quality and consumer acceptance is
color. Like intramuscular fat, color can be measured subjectively and objectively.
Subjective color score can rapidly be assigned by a trained individual. The NPPC (2000)
has developed visual standards that categorize fresh pork on a scale from 1 to 6, 1
indicating pale color and 6 indicating a dark purplish red color. Color data should be

collected 24 hours post-mortem with a standard light source present at least 10 minutes
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after the sample has been exposed to air but within one hour of removal from the carcass
(NPPC, 2000). Objective measures can be acquired with colorimeters or
spectrophotometers, such as Minolta of Hunter Miniscan, or with computer systems. These
instruments illuminate samples and measure different wavelengths of light that are
reflected. Light and dark light is measured with L*, which is usually most indicative of
quality, normal range being between 30 to 60, with lower values associated with darker
meat (NPPC, 2000). Red and green wavelengths are quantified by a*, positive values are
redder, and b* measures yellow and blue wavelengths, positive values are more yellow
(NPPC, 2000). Values for L*, a*, and b* are components of the three dimensional CIE
color space (NPPC, 2000). Individually these measures only represent one element of the
color and consequently there is a need to determine a method to combine, analyze, and

interpret objective color data (van Wijk et al., 2005).

Color is extremely important because consumers associate appearance with quality
(Rosenvold and Andersen, 2003). Color perceived by the eye is a result of various
wavelengths of light passing through, being absorbed, and being reflected by a substance
(Young and West, 2001). Color is influenced by muscle content and pH (Abril et al., 2001).
Muscle is composed of myoglobin and the globulin protein holds an iron molecule in its
center (Young and West, 2001). Chemical state of myoglobin ultimately determines the
color of meat. Oxygenated myoglobin, oxymyoglobin, is characteristic of fresh pork and
gives it its bright reddish-pink color (Giddings, 1977; Rosenvold and Andersen, 2003). As
concentration of the molecule increases so does the red color (Young and West, 2001).
Myoglobin without oxygen, deoxymyoglobin, yields a purplish red color (Rosenvold and

Andersen, 2003). Oxygen is removed from the molecule when pH remains high and
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enzymatic activity is not inhibited (Rosenvold and Andersen, 2003). In addition, high pH
decreases shelf life because conditions are suitable for microbial activity (Braggins, 1996).
Oxidation of either oxymyoglobin or myoglobin produces metmyoglobin and a brown or
pale color (Giddings, 1977; Rosenvold and Andersen, 2003). Often variation can be
observed within the same package. Consistency of color must be improved but skeletal
muscle composition varies being composed of different concentrations of proteins, fats,
strands of different shape, and color thus giving unique appearances within muscle types
(Kauffman, 2001). Color may affect subjective marbling scores. Pale color can interfere
with detection of marbling, and large amounts of marbling may alter perception of color
(NPPC, 2000). Knowledge of the ramifications and interactions of these traits is essential to

production of consistent desirable pork.

V. Heritabilities and Correlations

Genetic progress in populations is influenced by heritability and correlations among
traits. Heritability quantifies the importance of genes in determining phenotypes (Falconer,
1989). It measures the degree of relationship between phenotypic values and breeding
values, thus indicating magnitude of resemblance between relatives (Falconer, 1989). In
comparison to lowly heritable traits, traits that exhibit moderate to high heritabilities in
populations are influenced to a lesser extent by environmental factors. Heritability estimates
are population dependent, changing as environmental conditions are altered (Falconer,
1989). Thus, across populations, heritability measures for a trait may vary. Typically,
growth and carcass traits, such as average daily gain, backfat, and LMA, are moderate to

highly heritable (Jensen et al., 1967; Lo et al., 1992b). Meat quality traits are generally
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lowly to moderately heritable (de Vries et al., 1994). Estimates for marbling and color score
are low to moderate (Jensen et al., 1967; Arganosa et al., 1969; Lo et al., 1992b). Variation
in the estimates is due in part to the subjective nature of these traits. Objective measures of
intramuscular fat and color and water holding capacity are moderate to highly heritable
(Jensen et al., 1967; Arganosa et al., 1969; Lo et al., 1992b; Larzul et al., 1997; Andersen
and Pedersen, 2000). Finally, pH is lowly heritable since it is strongly influenced by
environmental conditions (Jensen et al., 1967; Lo et al., 1992b). An abbreviated summary

of literature estimates is provided in Table 1.

Phenotypic, genetic, and environmental correlations measure the respective
relationship between two traits. Each describes the magnitude and direction two characters
vary together and may be either favorable or unfavorable. Genetic correlations mainly are
determined by pleiotropy, and thus quantify the degree to which the same genes influence
two different traits (Falconer, 1989). Consequently, when genetic correlation exists, direct
selection on one trait will elicit a correlated response to selection in the other trait.
Depending on magnitude of correlation and whether the relationship is favorable or not, this

can prove to be either a benefit or a hindrance.

Knowledge of correlations among growth, carcass, and meat quality traits are
important to realization of goals of producers. Literature estimates of genetic and
phenotypic correlations are in Table 2, 3, and 4. Backfat is lowly to moderately correlated
with growth rate (Lo et al., 1992b). This positive association is unfavorable as the industry
strives to produce fast growing lean pigs. Backfat, longissimus muscle area, and predicted

percent lean are moderately to highly correlated such that as backfat decreases LMA and
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predicted percent lean increase (Jensen et al., 1967; Lo et al., 1992b; Huff-Lonergan et al.,
2002). Though moderate positive phenotypic associations exist between backfat and
intramuscular fat, genetically the correlation is negligible indicating different factors
control deposition of intramuscular and subcutaneous fat (Jensen et al., 1967; Huff-
Lonergan et al., 2002). A moderate to strong correlation exists among backfat and water
holding capacity and backfat and loin color. Decreasing fat increases purge and yields paler
meat (Jensen et al., 1967; Huff-Lonergan et al., 2002). Marbling has a negative and low to
moderate association with longissimus muscle area, water holding capacity, and color
(Jensen et al., 1967). Therefore as quantity of intramuscular fat increases the area of the loin
chop is generally smaller, retains less water, and has a paler color. Subjective color score
has a high positive association with a* and a high negative correlation with L*, a reflection
of measurement scales (Andersen and Pedersen, 2000). Ultimate pH is significantly
correlated with water holding capacity and color. As pH increases, loin color becomes
darker and the meat is dryer, while low pH coincides generally with pale flesh and loss of a
significant amount of fluid (Allen et al.,, 1966; Huff-Lonergan et al., 2002). The
associations among these traits in addition to heritability will influence genetic progress

realized in a population.

V1. Conclusion

Pork production, from the farm to store shelf, requires consideration of many
concepts to ultimately yield the best product for its respective market. Production of a
specific product begins with selection of breeding animals and continues throughout the

growing, finishing, harvesting, and fabrication process. Genotypic makeup and
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management of animals influences quality. Variation within breeds provides opportunities
for selection to alter traits. Direct selection is often practiced but some traits are measured
late in life or at slaughter. Consequently, determining traits that can be measured earlier,
accurately, have high heritability and are correlated with traits of interest may potentially

increase genetic progress.

Endogenous testosterone production is responsible for leaner growth in intact males
in comparison to females and castrates. Furthermore, administration of exogenous
hormones to females and castrates eliminates sex differences. Since male and female
gonadal function and hormone production are controlled by the same genes, selection for
testosterone production may improve fertility, growth, carcass, and meat quality across
sexes. Divergent selection of this sex steroid will permit characterization of correlated

response in traits of interest.

Differences in breeds and sexes for growth and carcass quality is apparent. Selection
for testosterone may biologically alter the hypothalamus or pituitary and thus other
hormones, decreasing these differences between breeds and sexes. Presumably increasing
this sex steroid and other affiliated hormones would increase growth. The association
between testosterone production and meat quality is less evident. Intact males generally
have darker loins, less marbling, and higher water holding capacity than females. If
testosterone or similar hormones are responsible for sex differences, then testosterone
selection may not be effective at achieving desired meat quality. The relationship between
these two characters deserves further exploration. It is clear, however, that direct selection

for lean growth has adversely affected meat quality. Therefore, such traits must be included
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in selection indexes. In addition, correlations among meat quality traits, which may be
favorable or unfavorable, should be considered. For instance, pale loins are exudative and
dark loins are dry. Often consumer preference resides between the two extremes dependent
on the product. Regardless of the target market, producers must consider all aspects,
including economic importance of growth, carcass, and meat quality. Selection for
testosterone production may be a means to accomplish some breeding objectives.
Ultimately, the principles of each trait and interactions among them will influence

perceived quality and the future of the pork industry.



Table 1. Heritability estimates for growth, carcass, Fat-O-Meater and meat quality
traits

Heritability Estimate Reference

Growth Traits®

D114,d 0.57 NPPC, 1995
0.69 Newcom et al., 2005

ADG, kg/d 0.31 de Vries et al., 1994
0.37 Larzul et al. 1997
0.50 NPPC, 1995
0.19 van Wijk et al., 2005

BF, mm 0.69 Jensen et al., 1967
0.44 Newcom et al., 2005
0.46 NPPC, 1995

LMA, cm? 0.47 Jensen et al., 1967
0.73 Newcom et al., 2005
0.48 NPPC, 1995

PPL, % 0.60 Larzul et al. 1997

Fat-o-Meter Traits®

FDEPTH, mm 0.45 van Wijk et al., 2005

LDEPTH, mm 0.13 van Wijk et al., 2005

%LEAN 0.11 de Vries et al., 1994
0.43 van Wijk et al., 2005

Meat Quality Traits®

MAR 0.19 Jensen et al., 1967
0.31 NPPC, 1995

%LIPID 0.41 de Vriesetal., 1994
0.86 Jensen et al., 1967
0.44 Larzul et al., 1997
0.69 Newcom et al., 2005
0.47 NPPC, 1995

pH 0.15 de Vries et al., 1994
0.13 Larzul et al., 1997
0.38 NPPC, 1995

0.11 van Wijk et al., 2005
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Table 1. (Continued)

DRIP, % 0.20 de Vries et al., 1994
0.16 NPPC, 1995
0.08 van Wijk et al., 2005
CS 0.28 Jensen et al., 1967
0.19 NPPC, 1995
L* 0.21 de Vries et al., 1994
0.23 Larzul etal., 1997
0.29 NPPC, 1995
0.18 van Wijk et al., 2005
a* 0.21 van Wijk et al., 2005
b* 0.15 van Wijk et al., 2005

®D114 = Days to 114 kg, ADG = Average daily gain, BF = Real time ultrasound
backfat adjusted to 114 kg, LMA = Real time ultrasound longissimus muscle area
adjusted to 114 kg, PPL = Predicted percent lean.

"FDEPTH = Fat-O-Meater fat depth, LDEPTH = Fat-O-Meater loin depth,

%LEAN = Lean percentage.

‘MAR = Marbling score (scale 1 - 10; 1 devoid - 10 abundant), %LIPID = Percent
lipid determined by Folch method, pH = pH 24 h post-mortem, DRIP = Average
collected purge from 40-50 g samples suspended 48 h (sample wt x 100), CS = Color
scale (scale 1 - 6; 1 pale gray - 6 dark purplish red), L* = Lightness color scale (range
0-100, 1 = pure black and 100 = pure white), a* = Red to green color scale (higher
value = redder color), b* = Blue to yellow color scale (higher value = more yellow).
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Table 2. Genetic and phenotypic correlation estimates® for
growth, carcass, and meat quality traits®

ADG BF LMA MAR
ADG 0.43 -0.18 0.16
BF 0.03 to -0.06 0.38
0.13
LMA -0.06 -0.10 -0.82
MAR -0.05 0.05 -0.06 to
-0.25

®Genetic correlation estimates above the diagonal and phenotypic
correlation estimates below the diagonal.

YADG = Average daily gain, BF = Real time ultrasound backfat
adjusted to 114 kg, LMA = Real time ultrasound longissimus
muscle area adjusted to 114 kg, MAR = Marbling score (scale
1-10; 1 devoid - 10 abundant).

‘References for correlation estimates:

NPPC, 1995; de Vries et al., 1994; Huff-Lonergan et al., 2002;
Jensen et al., 1967; Larzul et al., 1997; Lo et al., 1992b;
Newcom et al., 2005; NPPC, 1995; van Wijk et al., 2005;
Geesink et al., 2003.

Table 3. Genetic correlation estimates® for
Fat-O-Meater traits® and MAR"

LDEPTH %LEAN MAR
FDEPTH -0.01 -0.98 0.35
LDEPTH 0.19 0.4
%LEAN -0.28

Genetic correlation estimates above the diagonal.
"FDEPTH = Fat-O-Meater fat depth, LDEPTH =
Fat-O-Meater loin depth, %LEAN = Lean percentage,
MAR = Marbling score (scale 1 - 10; 1 devoid - 10
Abundant).

‘References for correlation estimates:

NPPC, 1995; de Vries et al., 1994; Huff-Lonergan et al.,
2002; Jensen et al., 1967; Larzul et al., 1997; Lo et al.,
1992b; Newcom et al., 2005; NPPC, 1995;

van Wijk et al., 2005; Geesink et al., 2003.



Table 4. Genetic and phenotypic correlation estimates® for growth, Fat-O-Meater, and meat quality

traits®.
ADG MAR FDEPTH LDEPTH %LEAN pH DRIP L* a* b*
ADG 0.16 0.27 - -0.23 - 0.78 0.74 0.18 0.82
MAR -0.05 0.35 0.40 -0.28 0.24 0.01 0.48 0.13 0.70
FDEPTH - 0.24 -0.01 -0.98 -0.24 0.05 0.43 0.42 0.61
LDEPTH 0.08 -0.06 - 0.19 -0.04 0.28 -0.19 0.73 0.18
%LEAN -0.01 -0.24 0.24 0.31 0.23 -0.01 -0.46 -0.30 -0.58
PH -0.14 0.11 to 0.03 -0.03 -0.04 -0.86 -0.60 -0.03 -0.46
0.13
DRIP 0.14 -0.12 to - - - -0.56 0.81 -0.13 0.74
-0.14 to 0.02
L* 0.18 0.26 0.19 -0.05 -0.19 -0.55 0.38 -0.17 0.89
t0-0.38 to0 0.57
A* 0.03 0.09 0.09 0.04 -0.08 -0.24 0.10 -0.23 0.21
to-0.06 t00.27 to-0.14
B* 0.1 0.36 0.24 -0.05 -0.24 -0.39 0.32 0.54 0.11
t0-0.32 t00.44 t00.86 t00.48
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Table 4. (Continued)

Genetic correlation estimates above the diagonal and phenotypic correlation estimates below the diagonal.

"ADG = Average daily gain, MAR = Marbling score (scale 1 - 10; 1 devoid — 10 abundant), FDEPTH = Fat-O-Meater
fat depth, LDEPTH = Fat-O-Meater loin depth, %LEAN = Lean percentage, %LIPID = Percent lipid determined by
Folch method, pH = pH 24 h post-mortem, DRIP = Average collected purge from 40-50 g samples suspended 48 h
(sample wt x 100), CS = Color scale (scale 1 - 6; 1 pale gray — 6 dark purplish red), L* = Lightness color scale
(range 0-100, 1 = pure black and 100 = pure white), a* = Red to green color scale (higher value = redder color),

b* = Blue to yellow color scale (higher value = more yellow).

‘References for correlation estimates:

NPPC, 1995; de Vries et al., 1994; Huff-Lonergan et al., 2002; Jensen et al., 1967; Larzul et al., 1997;

Lo et al., 1992b; Newcom et al., 2005; NPPC, 1995; van Wijk et al., 2005; Geesink et al., 2003.

Ge



36

VII. Literature Cited

Abril, M., M. M. Campo, A. Oneng, C. Safiudo, P. Alberti, and A. 1. Negueruela. 2001.
Beef colour evolution as a function of ultimate pH. Meat Sci. 58:69-78.

Affentranger, P., C. Gerwig, G. J. F. Seewer, D. Schwoer, and N. Kiinzi. 1996. Growth and
carcass characteristics as well as meat and fat quality of three types of pigs under
different feeding regimens. Livest. Prod. Sci. 45:187-196.

Allen, E., J. C. Forrest, A. B. Chapman, N. First, R. W. Bray, E. J. Briskey. 1966.
Phenotypic and genetic associations between porcine muscle properties. J. Anim.
Sci. 25:962-966.

Allrich, R. D., R. K. Christenson, J. J. Ford, D. R. Zimmerman. 1982. Pubertal development
of the boar: Testosterone, estradiol-17p, cortisol, and LH concentration before and
after castration at various ages. J. Anim. Sci. 55:1139-1146.

Althen, T. G., and R. J. Gerrits. 1976. Pituitary and serum growth hormone levels in Duroc
and Yorkshire swine genetically selected for high and low backfat. J. Anim. Sci.
42:1490-1497.

Andersen, S., and B. Pedersen. 2000. Genetic parameters for colour traits and pH and
correlations to production traits. Page 123 in Quality of Meat and Fat in Pigs as
Affected by Genetics and Nutrition. EAAP Publ. No. 100. Wangeningen,
Wageningen Pers, Zurich, Switzerland.

Arganosa, V. G., I. T. Omtvedt, and L. E. Walters. 1969. Phenotypic and genotypic
parameters of some carcass traits in swine. J. Anim. Sci. 28:168-174.

Barb, C. R., G. J. Hausman, and K. L. Houseknech. 2001. Biology of leptin in the pig.

Domest. Anim. Endocrinol. 21:297-317.



37

Barton-Grade, P. A. 1987. Meat and fat quality in boars, castrates and gilts. Livest. Prod.
Sci. 16:187-196.

Bates, R. O., D. S. Buchanan, R. K. Johnson, R. P. Wettemann, R. W. Fent, and L. K.
Hutchens. 1986. Genetic parameter estimates for reproductive traits of male and
female littermate swine. J. Anim. Sci. 63:377-385.

Bendall, J. R., and H. J. Swatland. 1988. A review of the relationships of pH with physical
aspects of pork quality. Meat Sci. 24:85-126.

Bereskin, B. 1987. Genetic and phenotypic parameters for pig growth and body
composition estimated by intraclass correlation and parent-offspring regression. J.
Anim. Sci. 64:1619-1629.

Braggins, T. J. 1996. Effect of stress-related changes in sheep meat ultimate pH on cooked
odor and flavor. J. Agric. Food Chem. 44:2352-2360.

Brewer, M. S., J. Jensen, A. A. Sosnick, B. Fields, E. Wilson, and F. K. McKeith. 2002.
The effect of pig genetics on palatability, color, and physical characteristics of fresh
pork loin chops. Meat Sci. 61:249-256.

Briggs, H. M., and D. M. Briggs. 1980. Modern Breeds of Livestock. 4™ ed. Macmillan
Publishing Co. Inc., New York.

Brock, L.W., and R. P. Wettemann. 1976. Variation in serum testosterone in boars. J.
Anim. Sci. 42:244(Abstr.).

Burson, D. 2001. Procedures for estimating pork carcass composition. National Pork

Producers Council, Des Moines, lowa.



38

Campbell, R. G., R. J. Johnson, R. H. King, and M. R. Taverner. 1990. Effects of gender
and genotype on the response of growing pigs to exogenous administration of
porcine growth hormone. J. Anim. Sci. 68:2674-2681.

Candek-Potokar, M., G. Monin, and B. Zlender. 2002. Pork quality, processing and sensory
characteristics of dry-cured hams as influenced by Duroc crossing and sex. J. Anim.
Sci. 80:988-996.

Cassady, J. P., O. W. Robison, R. K. Johnson, J. W. Mabry, L. L. Christian, M. D. Tokach,
R. K. Miller, and R. N. Goodwin. 2004. National Pork Producers Council Maternal
Line Genetic Evaluation: A comparison of growth and carcass traits in terminal
progeny. J. Anim. Sci. 82:3482-3485.

Cisneros, F., M. Ellis, F. K. McKeith, J. McCaw, and R. L. Fernando. 1996. Influence of
slaughter weight on growth and carcass characteristics, commercial cutting and
curing yields, and meat quality of barrows and gilts from two genotypes. J. Anim.
Sci. 74:925-933.

Cross, H. R., J. W. Carpenter, and A. Z. Palmer. 1970. Pork carcass muscling: Fat, lean,
and bone ratios. J. Anim. Sci. 30:866-871.

Coulston, F., and F. Corte. 1976. Environmental Quality and Safety. Suppl. VVol. 5 Anabolic
agents in animal production. George Thieme, Verlag Stuttgart.

Coulter, G. H., T. R. Rounsaville, and R. H. Foote. 1976. Heritability of testicular size and
consistency in Holstein bulls. J. Anim. Sci. 43:9-12.

de Vries, A. G., P. G. van der Wal. T. Long, G. Eikelenboom, and J. W. M. Merks. 1994.
Genetic parameters of pork quality and production traits in Yorkshire populations.

Livest. Prod. Sci. 40:277-289.



39

DeHaan, K. C., L. L. Berger, D. J. Kesler, F. K. McKeith, D. B. Faulkner, G. F. Cmarik,
and R. J. Favero. 1990. Effects of prenatal testosterone treatment and postnatal
steroid implantation on growth performance and carcass traits of heifers and steers.
J. Anim. Sci. 68:2198-2207.

DeWilde, R. O., and H. Lauwers. 1984. The effect of parental use of estradiol,
progesterone, testosterone and trenbolone on growth and carcass composition in
pigs. J. Anim. Sci. 59:1501-1509.

Duckett, S. K., D. G. Wagner, F. N. Owens, H. G. Dolezal, and D. R. Gill. 1999. Effect of
anabolic implants on beef intramuscular lipid content. J. Anim. Sci. 77:1100-1104.

Dunshea, F. R., C. Colantoni, K. Howard, I. McCauley, P. Jackson, K. A. Long, S.
Lopaticki, E. A. Nugent, J. A. Simons, J. Walker, and D. P. Hennessy. 2001.
Vaccination of boars with a GnRH vaccine (Improvac) eliminates boar taint and
increases growth performance. J. Anim. Sci. 79:2524-2535.

Dunshea, F. R., R. H. King, R. G. Campbell, R. D. Sainz, and Y. S. Kim. 1993.
Interrelationships between sex and ractopamine on protein and lipid deposition in
rapidly growing pigs. J. Anim. Sci. 71:2919-2930.

Edwards, D. B., R. O. Bates, and W. N. Osburn. 2003. Evaluation of Duroc- vs. Pietrain-
sired pigs for carcass and meat quality measures. J. Anim. Sci. 81:1895-1899.

Estany, J., D. Villalba, M. Tor, D. Cubil6, and J. L. Noguera. 2002. Correlated response to
selection for litter size in pigs: Il. Carcass, meat, and fat quality traits. J. Anim. Sci.
80:2566-2573.

Evans, R. J. 1918. History of the Duroc, a Short History of the Duroc Jersey Breed of

Swine. James J. Doty Publishing Co., Chicago, Ill.



40

Evans, B. R., and G. G. Evans. 1946. The Story of Durocs, the Truly American Breed of
Swine. United Duroc Record Association, Peoria, Ill.

Falconer, D. S. 1989. Introduction to Quantitative Genetics. 3 ed. John Wiley and Sons,
Inc., New York.

Faulkner, D. B., F. K. McKeith, L. L. Berger, D. J. Kesler, and D. F. Parrett. 1989. Effect of
testosterone propionate on performance and carcass characteristics of heifers and
cows. J. Anim. Sci. 67:1907-1915.

Fent, R. W., R. P. Wettemann, and R. K. Johnson. 1983. Breed and heterosis effects on
testicular development and endocrine function of puberal boars. J. Anim. Sci.
57:425-432.

Fernandez, X., G. Monin, A. Talmant, J. Mourot, and B. Lebret. 1999. Influences of
intramuscular fat content on the quality of pig meat — 2. Consumer acceptability of
m. longissimus lumborum. Meat Sci. 53:67-72.

Folch, J., M. Lees, and G. H. Sloane Stanley. 1957. A simple method for the isolation and
purification of total lipides from animal tissues. J. Biol. Chem. 226:497-504.
Galbraith, H., D. G. Dempster, and T. B. Miller. 1978. A note on the effect of castration on
the growth performance and concentrations of some blood metabolites and

hormones in British Friesian male cattle. Anim. Prod. 26:339-342.

Galbraith, H., and J. H. Topps, 1981. Effect of hormones on the growth and body
composition of animals. Nutr. Abstr. Rev. B 51:521-540.

Geesink, G. H., F. H. Schreutelkamp, R. Frankhuizen, H. W. Vedder, N. M. Faber, R. W.
Kranen, and M. A. Gerritzen. 2003. Prediction of pork quality attributes from near

infrared reflectance spectra. Meat Sci. 65:661-668.



41

Giddings, G. G. 1977. The basis of color in muscle foods. CRC Critical Rev. Food Sci
Nutr. 9:81-114.

Gopinath, R., and W. D. Kitts. 1984. Growth hormone secretion and clearance rates in
growing beef steers implanted with estrogenic anabolic compounds. Growth 48:499-
514,

Gortsema, S. R., J. A. Jacobs, R. G. Sasser, T. L. Gregory, and R. C. Bull. 1974. Effects of
endogenous testosterone on production and carcass traits in beef cattle. J. Anim. Sci.
39:680-686.

Greaser, M. L. 2001. Postmortem muscle chemistry. Page 21 in Meat Science and
Applications. Y. H. Hui, W. Nip, R. W. Rogers, and O. A. Young. Marcel Dekker,
Inc. New York.

Hafs, H. D., R. W. Purchas, and A. M. Pearson. 1971. A review: Relationships of some
hormones to growth and carcass quality of ruminants. J. Anim. Sci. 33:64-71.

Hamernik, D. L., S. Y. McFarland, D. de Avila, S. R. Becker, and J. J. Reeves. 1987.
Endocrine and body growth traits in heifers exposed to testosterone-propionate
during early fetal development. J. Anim. Sci. 64:1858-1866.

Holl, J. W., and O. W. Robison. 2003. Results from nine generations of selection for
increased litter size in swine. J. Anim. Sci. 81:624-629.

Honikel, K. O. 1987a. Critical evaluation of methods detecting water-holding capacity in
meat. Page 225 in Accelerated Processing of Meat. A. Romita, C. Valin, and A. A.
Taylor, ed. Elsevier Applied Science, London.

Honikel, K. O. 1987b. How to measure the water-holding capacity of meat.

Recommendations of standardized methods. Page 129 in Evaluation and control of



42

meat quality in pigs. P. V. Tarrent, G. Eikelenboom, and G. Monin, ed. Martinus
Nijhoff Publishers, Kluwer Academic Publishers, Hingham, MA.

Huff-Lonergan, E., T. J. Baas, M. Malek, J. C. M. Dekkers, K. Prusa, and M. F. Rothschild.
2002. Correlations among selected pork quality traits. J. Anim. Sci. 80:617-627.

Jenkins, T. G., J. J. Ford, and J. Klindt. 1988. Postweaning growth, feed efficiency and
chemical composition of sheep as affected by prenatal and postnatal testosterone. J.
Anim. Sci. 66:1179-1185.

Jensen, P., H. B. Craig, and O. W. Robison. 1967. Phenotypic and genetic associations
among carcass traits of swine. J. Anim. Sci. 26:1252-1260.

Jeremiah, L. E. 1998. Marbling and pork tenderness. National Pork Producers Council, Des
Moines, lowa.

Johnson, R. K., G. R. Eckardt, T. A. Rathje, and D. K. Drudik. 1994. Ten generations of
selection for predicted weight of testes in swine: Direct response and correlated
response in body weight, backfat, age at puberty, and ovulation rate. J. Anim. Sci.
72:1978-1988.

Kauffman, R. G. 2001. Meat composition. Page 1 in Meat Science and Applications. Y. H.
Hui, W. Nip, R. W. Rogers, and O. A. Young. Marcel Dekker, Inc. New York.

Kauffman, R. G., G. Eikelenboom, P. G. van der Wal, B. Engel, M. Zaar. 1986a. A
comparison of methods to estimate water-holding capacity in post-rigor porcine
muscle. Meat Sci. 18:307-322.

Kauffman, R. G., G. Eikelenboom, P. G. van der Wal, G. Merkus, M. Zaar. 1986b. The use

of filter paper to estimate drip loss of porcine musculature. Meat Sci. 18:191-200.



43

Land, R. B. 1973. The expression of female sex-limited characters in males. Nature (Lond.)
241:208-209.

Larzul, C., L. Lefaucheur P. Ecolan, J. Gogué, A. Talmant, P. Sellier, P. Le Roy, and G.
Monin. 1997. Phenotypic and genetic parameters for longissimus muscle fiber
characteristics in relation to growth, carcass, and meat quality traits in Large White
pigs. J. Anim. Sci. 75:3126-3137.

Latorre, M. A., R. Lazaro, D. G. Valencia, P. Medel, and G. G. Mateos. 2004. The effects
of gender and slaughter weight on the growth performance, carcass traits, and meat
quality characteristics of heavy pigs. J. Anim. Sci. 82:526-533.

Latorre, M. A., P. Medel, A Fuentetaja, R. Lazaro, and G. G. Mateos. 2003. Effect of
gender, terminal sire line and age at slaughter on performance, carcass
characteristics and meat quality of heavy pigs. Anim. Sci. 77:33-45.

Leach, L. M., M. Ellis, D. S. Sutton, F. K. McKeith, and E. R. Wilson. 1996. The growth
performance, carcass characteristics, and meat quality of halothane carrier and
negative pigs. J. Anim. Sci. 74:934-943.

Lo, L. L., D. G. McLaren, F. K. McKeith, R. L. Fernando, and J. Novakofski. 1992a.
Genetic analyses of growth, real-time ultrasound, carcass and pork quality traits in
Duroc and Landrace pigs: I. Breed effects. J. Anim. Sci. 70:2373-2386.

Lo.L. L., D.G. McLaren, F. K. McKeith, R. L. Fernando, and J. Novakofski. 1992b.
Genetic analyses of growth, real-time ultrasound, carcass and pork quality traits in
Duroc and Landrace pigs: Il. Heritabilities and correlations. J. Anim. Sci. 70:2387-

2396.



44

Lonergan, S. M., E. Huff-Lonergan, L. J. Rowe, D. L. Kuhlers, and S. B. Jungst. 2001.
Selection for lean growth efficiency in Duroc pigs influence pork quality. J. Anim.
Sci. 79:2075-2085.

Louveau, I., and F. Gondret. 2004. Regulation of development and metabolism of adipose
tissue by growth hormone and the insulin-like growth factor system. Domest. Anim.
Endocrinol. 27:241-255.

Lubritz, D., B. Johnson, and O. W. Robison. 1991. Genetic parameters for testosterone
production in boars. J. Anim. Sci. 69:3220-3224.

Machlin, L. J. 1972. Effect of porcine growth hormone on growth and carcass composition
of the pig. J. Anim. Sci. 35:794-800.

Mahgoub, O., G. K. Barrell, and J. J. Bass. 2001. Effects of oestradiol implants on
musculo-skeletal growth of wether and ewe lambs. New Zealand J Agric. Res.
44:37-46.

Matthews, J. O., L. L. Southern, A. D. Higbie, M. A. Persica, and T. D. Bidner. 2001.
Effects of betaine on growth, carcass characteristics, pork quality, and plasma
metabolites of finishing pigs. J. Anim. Sci. 79:722-728.

McNeilly, J. R., M. Fordyce, R. B. Land, G. J. Lee, and R. Webb. 1986. Endocrine
differences in rams after genetic selection for testis size. J. Reprod. Fertil. 76:131-
140.

Montgomery, T. H., P. F. Dew, and M. S. Brown. 2001. Optimizing carcass value and the

use of anabolic implants in beef cattle. J. Anim. Sci. 79(E. Suppl.):E296-E306.



45

Muir, L. A., S. Wien, P. F. Duquette, E. L. Rickes, and E. H. Cordes. 1983. Effects of
exogenous growth hormone and diethylstilbestrol on growth and carcass
composition of growing lambs. J. Anim. Sci. 56:1315-1323.

Neely, J. D., B. H. Johnson, E. U. Dillard, and O. W. Robison. 1982. Genetic parameters
for testes size and sperm number in Hereford bulls. J. Anim. Sci. 55:1033-1040.

Neal, S. M., R. K. Johnson, and R. J. Kittok. 1989. Index selection for components of litter
size in swine: response to five generations of selection. J. Anim. Sci. 67:1933-1945.

Newcom, D. W., T. J. Baas, C. R. Schwab, and K. J. Stalder. 2005. Genetic and phenotypic
relationships between subcutaneous backfat layers and percentage of longissimus
intramuscular fat in Duroc swine. J. Anim. Sci. 83:316-323.

NPPC. 1995. Genetic Evaluation. Terminal line program results. Natl. Pork Prod. Counc.,
Des Moines, IA.

NPPC. 2000. Pork composition and quality assessment procedures. Natl. Pork Prod.
Counc., Des Moines, IA.

Offer, G. 1991. Modeling of the formation of pale, soft and exudative meat: Effects of
chilling regime and rate and extent of glycolysis. Meat Sci. 30:157-184.

Petry, D. B., J. W. Holl, and R. K. Johnson. 2004. Responses to 19 generations of litter size
selection in the NE index line. 1. Growth and carcass responses estimated in pure
line and crossbred litter. J. Anim. Sci. 82:1895-1902.

Porter, V. 1993. Pigs: A Handbook to the Breeds of the World. Comstock Publishing

Associates, Ithaca, NY.



46

Quijandria, B., Jr., J. R. Woodard, and O. W. Robison. 1970. Genetic and environmental
effects on live and carcass traits at North Carolina swine evaluation station. J. Anim.
Sci. 312:652-655.

Revelle, T. J. and O. W. Robison. 1973. An explanation for the low heritability of litter size
in swine. J. Anim. Sci. 37:668-675.

Robison, O. W., D. Lubritz and B. Johnson. 1994. Realized heritability estimates in boars
divergently selected for testosterone levels. J. Anim. Breed. Genet. 111:35-42.

Roseiro, L. C., C. Santos, and R. S. Melo. 1994. Muscle pHgo, colour (L, a, b) and water-
holding capacity and the influence of post-mortem meat temperature. Meat Sci.
38:353-359.

Rosenvold, K., and H. J. Andersen. 2003. The significance of pre-slaughter stress and diet
on colour and colour stability of pork. Meat Sci. 63:199-209.

Sato, S., Y. Oyamada, K. Atsuji, T. Nade, Shin-ichi Sato, E. Kobayashi, T. Mitsuhashi, K.
Nirasawa, A. Komatsuda, Y. Saito, S. Terai, T. Hayashi, and Y. Sugimoto. 2003.
Quantitative trait loci analysis for growth and carcass traits in a Meishan x Duroc F2
resource population. J. Anim. Sci. 81:2938-2949.

Schinckel, A. P., R. K. Johnson, and R. J. Kittok. 1984. Testicular development and
endocrine characteristics of boars divergently selected for either high or low testis
size. J. Anim. Sci. 58:675-685.

Schinckel, A. P., R. K. Johnson, R. A. Pumfrey, and D. R. Zimmerman. 1983. Testicular
growth in boars of different genetic lines and its relationship to reproductive

performance. J. Anim. Sci. 56:1065-1076.



47

Schoonmaker, J. P., F. L. Fluharty, S. C. Loerch, T. B. Turner, S. B. Moeller, and D. M.
Wulf. 2001. Effect of weaning status and implant regime on growth performance
and carcass characteristics in steers. J. Anim. Sci. 79:1074-1084.

Schoonmaker, J. P., S. C. Loerch, F. L. Fluharty, H. N. Zerby, and T. B. Turner. 2002.
Effect of age at feedlot entry on performance and carcass characteristics of bulls and
steers. J. Anim. Sci. 80:2247-2254.

Schwartz, S. M., and G. N. Wade. 1981. Effects of estradiol and progesterone on food
intake, body weigh, and carcass adiposity in weanling rats. Am. J. Physiol
Endocrinol. Metab. 240:E499-E503.

Senger, P. L. 1999. Pathways to Pregnancy and Parturition. Current Conceptions, Inc.,
Pullman, WA.

Siers, D. G., and L. N. Hazel. 1970. Serum growth hormone levels in swine. Growth.
34:419-430.

Silence, M. N. 2004. Technologies for the control of fat and lean deposition in livestock.
The Veterinary Journal. 167:242-257.

Snochowski, M., K. Lundstréom, E. Dahlberg, H. Petersson, and L. E. Edqvist. 1981.
Androgen and glucocorticoid receptors in porcine skeletal muscle. J. Anim. Sci.
53:80-90.

Spencer, G. S. G. 1985. Hormonal systems regulating growth. A review. Livest. Prod. Sci.
12:31-46.

Spencer, S. 1905. Pigs, Breeds and Management. 4™ ed. Vinton and Company, London.

Suzuki, K., M. Nakagawa, K. Katoh, H. Kadowaki, T. Shibata, H. Uchida, Y. Obara, and

A. Nishida. 2004. Genetic correlation between serum insulin-like growth factor-1



48

concentration and performance and meat quality traits in Duroc pigs. J. Anim. Sci.
82:994-999.

Tarrent, P. V. 1992. An overview of production, slaughter and processing factors that affect
pork quality — Genetic review. Page 1 in Pork Quality: Genetic and Metabolic
Factors. E. Puolanne, D. I. Demeyer, M. Ruusunen, and S. Ellis, ed. C.A.B.
International Wallingford, Oxon.

Taylor, R. E., and T. G. Field. 1998. Scientific Farm Animal Production: An Introduction to
Animal Science. Prentice Hall, Upper Saddle River, NJ.

Toelle, V. D., B. H. Johnson, and O. W. Robison. 1984. Genetic parameters for testes traits
in swine. J. Anim. Sci. 59:967-973.

Trenkle, A., and R. Irvin. 1970. Correlation of plasma hormone levels with growth and
carcass characteristics of cattle. Growth. 34:313-319.

Unruh, J. A. 1986. Effects of endogenous and exogenous growth-promoting compounds on
carcass composition, meat quality and meat nutritional value. J. Anim. Sci. 62:1441-
1448.

Unruh, J. A., K. G. Friesen, S. R. Stuewe, B. L. Dunn, J. OL. 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.

van Laack, R. L. J. M., R. G. Kauffman, W. Sybesma, F. J. M. Smulders, G. Eikelenboom,
and J. C. Pinheiro. 1994. Is colour brightness (L-value) a reliable indicator of water-

holding capacity in porcine muscle. Meat Sci. 38:193-201.



49

van Wijk, H. J., D. J. G. Arts, J. O. Matthews, M. Webster, B. J. Ducro, and E. F. Knol.
2005. Genetic parameters for carcass composition and pork quality estimated in a
commercial production chain. J. Anim. Sci. 83:324-333.

Vestergaard, M., S. Purup, J. Frystyk, P. Lgvendahl, M. T. Sgrensen, P. M. Riis, D. J. Flint,
and K. Sejrsen. 2003. Effects of growth hormone and feeding level on endocrine
measurements, hormone receptors, muscle growth, and performance of prepubertal
heifers. J. Anim. Sci. 81:2189-2198.

Wade, G. N., and J. M. Gray. 1979. Gonadal effects on food intake and adiposity: a
metabolic hypothesis. Physiol. Behav. 22:583-593.

Walker, S., O. W. Robison, C. S. Whisnant, and J. P. Cassady. 2004. Effect of divergent
selection for testosterone production on testicular morphology and daily sperm
production in boars. J. Anim. Sci. 82:2259-2263.

Walton, P. E., T. D. Etherton, and C. S. Chung. 1987. Exogenous pituitary and recombinant
growth hormones induce insulin and insulin-like growth factor 1 resistance in pig
adipose tissue. Domest. Anim. Endocrinol. 4:183-189.

Walton, P. E., T. D. Etherton, and C. M. Evock. 1986. Antagonism of insulin action in
cultured pig adipose tissue by pituitary and recombinant porcine growth hormone:
potentiation by hydrocortisone. Endocrinology. 118:2577-2581.

Willeke, H., R. Claus, E. Mdller, F. Pirchner, and H. Karg. 1987. Selection for high and low
level of 5a-androst-16-en-3-one in boars. I. Direct and correlated response of
endocrinological traits. J. Anim. Breed. Genet. 104:64-73.

Wilson, E. R., R. K. Johnson, and R. P. Wettemann. 1977. Reproductive and testicular

characteristics of purebred and crossbred boars. J. Anim. Sci. 44:939-947.



50

Young, O. A, and J. West. Meat Color. 2001. Page 39 in Meat Science and Applications.
Y. H. Hui, W. Nip, R. W. Rogers, and O. A. Young. Marcel Dekker, Inc. New
York.

Young, O. A, J. West, A. L. Hart, and F. F. H. van Otterdijk. 2004. A method for early
determination of meat ultimate pH. Meat Sci. 66:493-498.

Young, L. D., R. A. Pumfrey, P. J. Cunningham, and D. R. Zimmerman. 1978. Heritabilites
and genetic and phenotypic correlations for prebreeding traits, reproductive traits,

and principal components. J. Anim. Sci. 46:937-949.



51

Introduction

The swine industry strives to produce efficient, fast growing, lean, profitable pigs.
Nutrition, management, and exogenous hormones can only be altered so much. For many
traits, success is determined by genotypic makeup of the animal. Terminal sire selection is
often practiced by identifying and selecting superior animals for growth, carcass
composition, and meat quality. Since many of these traits are moderate to highly heritable
response to selection can be realized dependent on variation in the population and selection
intensity (Jensen et al., 1967; Falconer, 1989). In addition, overall response is influenced by
correlations among traits, which range in magnitude and are both desirable and undesirable
(Jensen et al., 1967; Lo et al., 1992). Detecting these associations and determining the
genetic and environmental influences provide producers with a means to actively select and
alter the population.

It has been established that differences exist across and within sexes. Intact males
grow faster and are leaner than females and castrates. In addition, castrates are fatter than
females (Cassady et al., 2004). Differences are due to presence and absence of endogenous
hormones. Positive correlations have been established between testosterone production and
growth (Lubritz et al., 1991). Robison et al. (1994) found high testosterone boars had higher
average daily gain. In some species, supplying exogenous hormones, like testosterone and
estrogen, to females and castrates improves their production to a level comparable to males
(DeWilde and Lauwers, 1984; Montgomery et al., 2001). These sex steroids are similar in
structure, share the same steroidogenic pathway, and are controlled by the same genes
(Land, 1973). Consequently, it is possible that selection for endogenous testosterone in

males will improve production in males, females, and castrates. The objective of this
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project was to characterize growth, carcass composition, and meat quality in two Duroc
lines divergently selected for testosterone production.

Materials and Methods
Population Structure:

Data were collected from two Duroc lines of pigs maintained at the North Carolina
Department of Agriculture Tidewater Research Station in Plymouth, North Carolina. These
lines were divergently selected over 10 generations for testosterone production and then
maintained by random within line selection (Robison et al., 1994). In generation 21
endogenous testosterone production in the high (HTL) and low (LTL) purebred testosterone
lines averaged 49.0 ng/mL and 27.8 ng/mL (P < 0.01), respectively (Walker et al., 2004).
Normal plasma testosterone concentration in developing boars at 27 wk is approximately
3.68 ng/mL (Martin et al., 1984). Eight LTL and 10 HTL boars were used to generate 29
LTL and 33 HTL litters. The same boars were mated to a common line of white composite
(WC) females (Holl and Robison, 2003) to create 11 WC x LTL litters (WLT) and 23 WC x
HTL litters (WHT). Mating occurred during a 30 d breeding season followed by farrowing
in late March and April 2003. Barrows and gilts, LTL (n = 53), HTL (n = 61), WLT (n =
102), and WHT (n = 101), were selected for testing (Table 5).

Management:

Animals were reared in total confinement. At farrowing pigs were cross-fostered to
standardize litters. At approximately 28 d of age, pigs were weaned, transferred to the
nursery, and boars were castrated. At 56 d of age pigs were transferred to the finishing floor
and grouped ten pigs per pen (5.95 m?/pig) according to size and sex. Pigs were given free

choice access to 14% finishing ration and water.
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Data Collection:

Pigs were weighed at birth, 21 d of age, weaning, and 48 h prior to slaughter.
Average daily gain (ADG) was calculated based on age and weight for the interval between
21 d age and 48 h before slaughter: {ADG = (Actual wt — 21 d wt) / (Days on test)}. Days
to 114 kg (D114) was estimated using age, ADG, and final weight deviation from 114 kg
target: {D114 = Actual age + [(114 - actual wt) / ADG]}. Pigs were scanned, by a certified
ultrasound technician, on the right side, 48 h before slaughter using real-time ultrasound
(Aloka, Ithaca, NY). Backfat (BF) and longissimus muscle area (LMA) were measured and
adjusted to 114 kg, and percent lean (PPL) was predicted: {PPL = [80.95 - (16.44 x
BF(in.)) + (4.693 x LMA(in.?)] * 0.5 4}(NSIF, 2003).

Pigs on test were harvested either on October 2™ or November 6™ 2003. Pigs
weighing a minimum of 90 kg were eligible for slaughter. These animals were transported
200 miles to Smithfield Packing Company in Tar Heel, North Carolina arriving at the
facility a minimum of 3 h prior to slaughter. The Fat-O-Meater optical probe (SFK
Technology, AIS, Denmark) was used to measure fat depth (FDEPTH) and loin depth
(LDEPTH) within approximately 40 min of harvest. Fat-O-Meater measures were taken
through a section of longissimus dorsi between the third and fourth last rib, 7 cm off the
mid-line split. In addition, hot carcass weight (HCW) was recorded online and percent lean
(%LEAN) predicted. Carcasses proceeded through three blast cooling stages for 1.7 h (#1:
{-26.1°C}/ ~40 min; #2: {-23.3°C}/ ~40 min; #3: {-12.2°C}/ ~20 min) followed by 24 h of
additional chilling. Some carcasses (n = 133) were detained during harvest requiring
additional time before entering the coolers. It is speculated that the need for additional hair

removal, skin carcinomas, and fatness of the animals contributed to the delay. Fifty-two of
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the detained carcasses were sequestered for the remaining data collection. Table 6 shows
distribution of detained carcasses across lines (HIGH vs. LOW testosterone) and mating
types (MT: Purebreds vs. Crossbreds).

At 24 h post-mortem loin chops (n = 237, ~3.5 cm thick) located at the right side
between 9™ and 10" rib were collected. Chops were exposed to ~0 — 1.1°C air to bloom for
a minimum of 10 min as recommended by the NPPC (2000). Loin muscle marbling score
(MAR: scale 1 - 10; 1 devoid - 10 abundant) and color score (CS: scale 1 — 6; 1 pale gray -
6 dark purplish red) were visually accessed by a trained meat scientist based on standards
published by the NPPC (2000). The handheld Minolta CM-508d spectrometer (Azuchi-
Machi, Chuo-Ku, Osaka, Japan) was used to measure L*, a*, and b* for each chop. Scores
were based on the average of three replicate measures on each sample. In addition, pH was
measured using the MPI-100 pH meter (Meat probes, Inc., Topeka, KS). Upon completion
of data collection, chops were packaged and transported to North Carolina State University.
At NCSU, Honikel’s 48 h drip test (DRIP) was conducted to determine water-holding
capacity (Honikel, 1987). Remaining loin samples were frozen at -27°C for approximately
seven months. Sixty-five samples (LTL: n = 28; HTL: n = 37) were analyzed for percent
lipid (%LIPID) using the Folch method (Folch, 1957).

Statistical Analysis:

Traits were analyzed using the GLM and MIXED procedures of SAS (SAS Inst.,
Inc., Cary, NC). A preliminary analysis was conducted to determine the significance of
slaughter date. Date of harvest can potentially influence trait measurements due to
technician and environmental effects. Growth and carcass traits were not evaluated for

significance of slaughter date due to confounding effects of genetic makeup determining
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when pigs reached market weight. Meat quality traits, DRIP, pH, CS, L*, a*, and b*, were
analyzed in a model including the fixed effects of slaughter date and sex. Slaughter date
was significant for objective color scores and these traits were adjusted for first harvest date
as follows:

L*: Initial L* - 2.00767035,

a*: Initial a* - 0.737419031,

b*: Initial b* - 0.869719325.
The remaining analysis encompassed variations of three models that accounted for all
necessary comparisons. Test for fixed effects of traits for all models are in Table 8. Fixed
effects with P > 0.05 were dropped from the final model. The first compared differences
between mating type (MT: Purebreds vs. Crossbreds) nested within line (HIGH vs. LOW
testosterone), LTL, HTL, WLT, and WHT:
Yijam = 1+ oi + By + T+ Sgiy + (@ )i+ Eijiam

u is overall mean of the trait,

Qi is the fixed effect of the i" level of Line,

Baj s the fixed effect of the j™ level of MT nested in the i"" Line,

T is the fixed effect of the k™ sex,

S@i is the random effect of the I level of sire nested in the i Line,

(o )ik is the interaction effect of the i™ Line and k™ sex,

Eijum  is random error.
This model was used to obtain adjustment factors for raw backfat, loin eye area, fat depth,
and loin depth. Live weight and HCW were included as regression covariates for the

growth and Fat-O-Meater measurements because they accurately depict the biological
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development of these traits. Sex specific adjustments were included for BF. The adjustment
equations were:

BF =raw BF - ((wt - 114) * 0.26249149) (Barrows),

BF = raw BF - ((wt - 114) * 0.26219149) - (wt * 0.10391802) (Gilts),

LMA = raw LMA - ((wt - 114) * 0.17263813),

FDEPTH = ((80 - HCW) * 1.30778547) + ((6400 - HCW?) * -0.00613256) + raw

FDEPTH,

LDEPTH = ((80 - HCW) * 0.32774811) + raw LDEPTH.

The second model compared differences between crossbred and purebred pigs. The
model is:
Yija = 1+ o + Bj+ e+ (o B)ij+ (o i+ (B 1k + (o B 1)ijk+ Eijia

u is overall mean of the trait,

Qi is the fixed effect of the i level of Line,

Bi is the fixed effect of the j™ level of MT,

™ is the fixed effect of the k™ sex,

(o B)ij is the interaction effect of the i Line and | MT,

(o 7)ic is the interaction effect of the i Line and k™ sex,

(B 1) s the interaction effect of the j" MT and k™ sex,

(o0 B 1)ijcis the interaction effect of the i™ Line, j™ MT, and k™ sex,

Eijum  is random error.

Meat quality traits including, pH, CS, L*, a*, b*, and %LIPID, were analyzed with

the third model: Yikm=p+oi+ 15+ S(i)k + Eijiam
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u is overall mean of the trait,
o is the fixed effect of the i level of line,
T is the fixed effect of the j" sex,

S@i is the random effect of the k™ level of sire nested in the i" Line,

Eijum  is random error.
For these traits, not all crosses were included in the analysis. Detainment of numerous
carcasses, as previously discussed, affects meat quality traits of the longissimus dorsi.
Consequently, it was imperative that the traits be evaluated to determine if the prolonged
elevated temperature significantly impacted DRIP, pH, CS, L*, a*, and b*. All traits except
DRIP were influenced. Since only LTL and HTL animals were repossessed, they were
unduly altering the interpretation. Removal of all LTL and HTL pigs eliminated the
confounding effect. For % LIPID, only the LTL and HTL pigs were analyzed because the
crossbreds would not be expected to provide additional information.

Results

Sample size, means, and SD for all traits are listed in Table 7, and tests for fixed
effects are in Table 8. All growth traits were influenced by MT, MT(line) and sex (P <
0.01). Line influenced all traits (P < 0.05) except LMA. Line x MT significantly influenced
BF and PPL, and there was a tendency for it to influence D114. Line x sex significantly
impacted BF. In addition, MT x sex only influenced D114. No significant interactions or
line effects were observed for the Fat-O-Meter traits. In addition, neither MT nor MT(line)
influenced FDEPTH and %LEAN. Line was not significant for MAR but did influence

DRIP L*, a* and b* (P < 0.05). The fixed effect of MT(line) influenced MAR, DRIP (P <
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0.05), and sex did not affect DRIP, L*, a* or b*, but there was a tendency for sex to
influence pH
Growth and Carcass Traits:

Least square means and standard errors for growth and carcass traits are in Tables 9
through 16. LOW line animals had higher D114, lower ADG, lower BF, and higher PPL.
Lines did not significantly differ for LMA. Purebred pigs had greater D114 in addition to
lower ADG. Crossbred pigs had less BF, larger LMA, and higher PPL. Among sexes,
barrows had fewer D114 and higher ADG, but gilts had lower BF, larger LMA, and higher
PPL. The LTL had higher D114 and lower ADG than HTL. The WLT and WHT grew
faster than LTL and HTL. Compared to all groups, HTL had the greatest BF, followed by
WHT which were fatter than LTL, but not significantly different from WLT. The WLT had
larger LMA than all others. In addition, longissimus muscle area for WHT was larger than
LTL and HTL. Predicted percent lean was higher in WLT than LTL and HTL. There was
no significant difference between LTL and WHT for PPL, but both were higher than HTL.
Fat-O-Meater Traits:

Least square means and standard errors for Fat-O-Meater traits are in Tables 17
through 20. Lines were not significantly different for any of the Fat-O-Meater traits.
Dressing percentage (HCW / wt) was analyzed and no significant differences were
observed between lines, MT, or sexes. Crossbreds had lower LDEPTH than purebreds.
Gilts had lower FDEPTH, LDEPTH, and %LEAN. There was no significant difference
between HTL, LTL, and WHT for LDEPTH, but HTL and LTL LDEPTH was greater than
WLT.

Meat Quality Traits:
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Least square means and standards errors for meat quality traits are in Table 21
through 29. Omission of means indicates those effects were dropped from the model for the
final analysis. There was no significant difference in MAR for HIGH and LOW lines, but
water-holding capacity (DRIP) differed. Purebreds had higher MAR and DRIP than
crossbreds. There was no significant difference between barrows and gilts for %LIPID, pH,
DRIP, L*, a* or b*. For barrows, MAR and CS was higher. Higher MAR was recorded in
LTL and HTL than WLT and WHT, and %LIPID was not significantly different between
LTL and HTL pigs. In addition, DRIP did not differ significantly between HTL and LTL,
but HTL DRIP was higher than WHT, which in turn was higher than WLT. Means were not
different for pH and CS in WLT and WHT pigs, but L*, a* and b* values were lower in
WLT.

Discussion

In this study, correlated response to high and low testosterone production was
evaluated. Characterizing the effects of divergent testosterone selection provides a better
understanding of growth, carcass, and meat quality. Further, it provides insight to the
effects of such selection across sexes. For growth traits, there were numerous interactions
among fixed effects. Rate of gain and type of gain is dependent on testosterone line, mating
type, and sex. Combinations of these categories alter the rank or magnitude of difference
between the groups.

In this experiment, LOW line pigs (pooled across crossbreds and purebreds) and
LTL pigs grew slower than the HIGH line and HTL. Lubritz et al. (1991) previously
determined growth and testosterone level were positively correlated. Therefore, increasing

the concentration of testosterone should improve the rate of muscle accretion (Snochowski
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et al.,, 1981). Since only barrows and gilts were evaluated, change in growth was a
correlated response to the selection protocol. Crossbreds as a group and separately (WLT
and WHT) grew significantly faster than the purebreds. The technique of crossbreeding is a
means to take advantage of hybrid vigor. The two foundation lines used in this study were
highly inbred, though actual inbreeding coefficients were not calculated. Consequently,
mating the WC and testosterone lines eliminated the negative effects of inbreeding
depression. Rate of gain was slower in gilts than barrows, which is consistent with previous
reports (Cisneros et al., 1996; Latorre et al., 2004). In addition, castrates are no longer
capable of reproduction, so greater energy can be devoted to growth.

The HIGH testosterone line was fatter than the LOW line. Compared among all
groups HTL pigs had the highest BF and lowest PPL. Upon initial evaluation this may seem
contradictory. Typically, testosterone production is associated with lean growth and
minimal fat characteristic of boars. Also exogenous testosterone administered to animals
alters carcass composition (Montgomery et al., 2001). Synthesis of testosterone, however,
requires the presence of cholesterol stored in fat. Therefore, it would be hypothesized the
HIGH testosterone line boars would need ample supply of cholesterol. Barrows were fatter
the gilts and had smaller LMA. It is well established that gilts are leaner in nature (Cassady
et al., 2004). Lean tissue is deposited at a much slower rate than fat. Thus, castrates grow
faster but have more fat and smaller loins.

Fat-O-Meater data must be collected rapidly to maintain chain speed. Techniques
and instruments have been developed that measure the traits in an acceptable and
economically efficient manner, though ultrasound measures are generally more accurate.

No differences were found among lines or crossbreds and purebreds for FDEPTH contrary
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to BF. Fat-O-Meater FDEPTH may be more variable. In addition, BF and FDEPTH are not
measured at the same location. Comparing the ultrasound and Fat-O-Meater backfat
indicates FDEPTH typically has higher estimates. Crossbreds were reported to have large
LMA, while purebreds had larger LDEPTH. Though both traits describe the same muscle, it
is accomplished in different ways. LDEPTH, unlike LMA, is one-dimensional. It does not
account for irregularities in loin shape. If these populations could be determined to have
consistent shape across animals then LDEPTH would be a reliable and perhaps a more
efficient method of predicting loin size. However, the assumption that shape is not variable
can not be made for these populations. Barrows had smaller LDEPTH than gilts. Low
testosterone line purebreds (LTL) and HTL LDEPTH, which did not differ, was larger than
WLT contrary to LMA. Consequently, in these populations there was no realized correlated
response in loin depth to selection for testosterone production. It may be deduced, however,
that the deeper loins of purebreds coincides with varying shape. In addition, differences
may be explained by breed. Derived from FDEPTH and LDEPTH, %LEAN did not differ
among the testosterone lines nor did it differ between purebreds and crossbreds. Consistent
with expectations, gilts were leaner than barrows.

Marbling did not differ between lines. However, purebreds and barrows did have
higher means than crossbreds and gilts, respectively. The purebreds are Durocs, a breed
known for marbling (Suzuki et al., 2004). Barrows generally have more marbling because
they are fatter and there is a moderate positive correlation between backfat and marbling
(Candek-Potokar et al., 2002; Huff-Lonergan et al., 2002). However, for %LIPID, though
not significantly different, gilts had a higher value. This contradiction is explained in two

ways. First, marbling is subjective and %LIPID objectively quantifies all lipids including
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phospholipids. Secondly, only purebreds were analyzed for %LIPID, but marbling included
both crossbred and purebred pigs. Despite the discrepancies, the means for all
classifications are within or above industry recommendations (Fernandez et al., 1999).
Consequently, it can be concluded that these pigs have significant amounts of intramuscular
fat that may be beneficial to meat quality.

High line crossbreds (WHT) did not differ from low line crossbreds (WLT) for pH.
Barrows and gilts also had similar pH values. This is inconsistent with previous reports that
females have lower pH (Leach et al., 1996; Latorre et al., 2004). HIGH line animals and
purebreds had higher drip loss or lower water-holding capacity. The values are not
extremely high however. In fact, 2 - 3% is within the acceptable range. Although, pH data
is not available for these groups, it would be expected that HIGH line pigs and crossbreds
would have more acidic meat because of the correlation between these traits. The color
score measures were only analyzed on the crossbred animals. Barrows had a higher
subjective color score, but there were no significant differences for any of the objective
measures. Generally, barrows have paler meat color than intact males and darker muscle
than gilts (Unruh et al., 1996; Cisneros et al., 1996). Subjective CS did not differ among
crossbred high and low animals, but L*, a* and b* were all lower in WLT pigs. The WLT
meat appears to be darker, with green and blue tints. In some respects, it is reasonable that
the meat is darker because it does have higher water-holding capacity. No biological
explanation can be explained especially since the other categories are not available for

analysis.
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Implications
Selection for endogenous testosterone production may be beneficial to an evolving
industry. High testosterone line animals grew significantly faster than low line animals.
Attention must be given to leanness to limit carcass fatness. Also, both of the lines had
acceptable meat quality. Color and moisture content were close to industry ideals. In
addition, these purebred lines had exceptional marbling. Their values were well above the
industry average. Therefore, these lines maybe useful in developing premium products for

niche markets.



Table 5. Distribution of animals available by line, mating type, sex, and sex within harvest date

Harvest Date®

Sex 1 2
n Barrows Gilts  Barrows Gilts Barrows  Gilts
Line® Mating Type®
LOW Purebred (LTL) 53 21 32 1 1 20 31
Crossbred (WLT) 102 52 50 52 50
HIGH Purebred (HTL) 61 21 40 2 1 19 39
Crossbred (WHT) 101 50 51 22 21 28 30

1 = Oct. 2, 2003, 2 = Nov. 6, 2003.

®Line = LOW and HIGH testosterone lines pooled across purebreds and crossbreds.

“Mating Type = Purebred or Crossbred pigs.

LTL = Low testosterone purebreds, WLT = Low testosterone crossbreds, HTL = High testosterone
purebreds, WHT = High testosterone crossbreds.

9



Table 6. Distribution of carcasses detained within harvest date by line and mating type

Distribution of Carcasses?

1 2 3

Harvest Date” Harvest Date” Harvest Date”
1 2 1 2 1 2

Line® Mating Type®
Low Purebred (LTL) 2 16 25 10
Crossbred (WLT) 29 73
High Purebred (HTL) 3 20 26 12
Crossbred (WHT) 8 4 35 54

81 = Carcasses detained and not recovered, 2 = Carcasses detained and recovered

3 = Carcasses not detained.

®1 = Oct. 2, 2003, 2 = Nov. 6, 2003.

‘Line = LOW and HIGH testosterone lines pooled across purebreds and crossbreds.

dMating Type = Purebred or Crossbred pigs.

LTL = Low testosterone purebreds, WLT = White composite x LTL, HTL = High testosterone
purebreds, WHT = White composite x HTL.

99



Table 7. Sample sizes, means, standard deviations, minimums, and maximums
of traits measured

n Mean Standard Minimum  Maximum
Deviation

Growth Traits®
D114 314 198 29.8 150.1 299.8
ADG 317 0.63 0.094 0.340 0.838
BF, mm 315 28.1 10.63 2.98 58.45
LMA, cm? 314 38.0 3.96 28.73 48.60
PPL 312 48.8 4.39 37.04 60.85

Fat-O-Meater Traits®

FDEPTH, mm 175 30.6 5.94 8.20 47.94
LDEPTH, mm 170 51.3 5.74 35.59 66.64
%LEAN 175 46.0 4.20 34.20 57.20

Meat Quality Traits*

MAR 235 3.0 1.02 1.00 9.00

%LIPID 65 4.05 1.018 2.326 6.882
pH 161 5.91 0.179 5.500 6.440
DRIP, % 233 1.81 1.260 0.346 7.659
CS 161 3.58 0.534 2.000 5.000
L* 161 51.52 2.772 45.682 58.820
a* 161 7.41 1.067 5.233 10.310
b* 161 1.61 1.321 -0.730 5.550

®D114 = days to 114 kg, ADG = average daily gain, BF = real time ultrasound
backfat adjusted to114 kg, LMA = real time ultrasound longissimus muscle area
adjusted to 114 kg, PPL = predicted percent lean.

"FDEPTH = Fat-O-Meater fat depth, LDEPTH = Fat-O-Meater loin depth,
%LEAN = lean percentage.

‘MAR = marbling score (scale 1 - 10; 1 devoid - 10 abundant), %LIPID = percent
lipid determined by Folch method, pH = pH 24 h post-mortem, DRIP = average
collected purge from 40-50 g samples suspended 48 h (sample wt x 100),

CS = color scale (scale 1 - 6; 1 pale gray - 6 dark purplish red), L* = lightness color
scale (range 0-100, 1 = pure black and 100 = pure white), a* = red to green color
scale (higher value = redder color), b* = blue to yellow color scale (higher

value = more yellow).
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Table 8. Test for fixed effects® for growth, carcass, Fat-o-Meter and meat quality traits

Source®

Line®® MT? MT(Line)*  Sex®  Line x MT® Line x Sex®® MT x Sex“
Growth Traits'
D114,d 0.03 0.01 0.01 0.01 0.07 --- 0.01
ADG, kg/d 0.01 0.01 0.01 0.01 --- --- ---
BF, mm 0.01 0.01 0.01 0.01 0.01 0.03 ---
LMA, cm? 0.15 0.01 0.01 0.01 --- --- ---
PPL, % 0.01 0.01 0.01 0.01 0.01
Fat-o-Meter Traits®
FDEPTH, mm  0.29 0.13 0.61 0.01
LDEPTH, mm  0.39 0.01 0.02 0.01
%LEAN 0.21 0.72 0.71 0.01
Meat Quality Traits™
MAR 0.61 0.01 0.01 0.01
%LIPID 0.87 0.18
pH 0.85 0.09
DRIP, % 0.01 0.01 0.01 0.27
CS 0.25 0.03
L* 0.04 0.37
a* 0.01 0.22
b* 0.03 0.43
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Table 8. (Continued)

8p-values for fixed effects within rows, omission of value indication of effect not included in model.
®Line = Fixed effect of pooled HIGH and LOW lines across purebreds and crossbreds, MT = fixed effect
of mating type (purebred vs. crossbred), MT(Line) = fixed effect of mating type nested within line,

Sex = Fixed effect of sex, Line x MT = interaction effect, Line x Sex = interaction effect,

MT x Sex = Interaction effect.

‘Fixed effects included in model one.

9Fixed effects included in model two.

®Fixed effects included in model three

D114 = Days to 114 kg, ADG = Average daily gain, BF = Real time ultrasound back fat adjusted to 114

kg, LMA = Real time ultrasound longissimus muscle area adjusted to 114 kg, PPL = Predicted percent lean.

9FDEPTH = Fat-O-Meater fat depth, LDEPTH = Fat-O-Meater loin depth, %LEAN = Lean percentage.
"MAR = Marbling score (scale 1 - 10; 1 devoid - 10 abundant), %LIPID = Percent lipid determined

by Folch method, pH = pH 24 h post-mortem, DRIP = Average collected purge from 40-50 g

samples suspended 48 h (sample wt x 100), CS = Color scale (scale 1 - 6; 1 pale gray - 6 dark purplish
red), L* = Lightness color scale (range 0-100, 1 = pure black and 100 = pure white), a* = Red to green
color scale (higher value = redder color), b* = Blue to yellow color scale (higher value = more yellow).
'MAR and DRIP include LOW and HIGH line purebred and crossbred pigs, %LIPID includes LOW and
HIGH line purebred pigs; pH, CS, L*, a*, and b* include LOW and HIGH line crossbred pigs.
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Table 9. Least-square means®and SE® for D114°

Line®
LOW HIGH Mean
Mating Type®
Purebred 233" 427 2249 +2.6 228  +1.7
Crossbred 1827 +2.2 179" +2.2 1807 +1.2
Mean 208  +2.0 2017 +1.8

®Means, within columns and within rows, lacking common
superscript differ (P < 0.05).

°SE = Standard error of the mean.

‘D114 = days to 114 kg (d).

dLine = LOW and HIGH testosterone lines pooled across
purebreds and crossbreds.

*Mating Type = Purebred or Crossbred pigs.

" (P < 0.05).

Table 10. Least-square means®and SE” for Mating Type x Sex
interaction for D114°

Sex
Barrow Gilt Mean

Mating Type®
Purebred 219"  +2.6 236"  +2.0 228  #1.7

Crossbred 177" 1.7 1839 1.7 180 *1.2

Mean 198 *16 210 #13

#Means, within columns and within rows, lacking
common superscript differ (P < 0.05).

°SE = Standard error of the mean.

‘D114 = days to 114 kg (d).

*Mating Type = Purebred or Crossbred pigs.

" (P < 0.05).
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Table 11. Least-square means®and SE® for ADG®

Line®
LOW HIGH Mean
Mating Type®
Purebred 0.52" +0.009 055° +0.008 053" +0.005
Crossbred 0.67" +0.007 0.69" +0.007 0.68 +0.004

Mean 0.607 +0.006 0.62 +0.006

®Means, within columns and within rows, lacking common

superscript differ (P < 0.05).
°SE = Standard error of the mean.
°ADG = Average daily gain (kg/d).

dLine = LOW and HIGH testosterone lines pooled across

purebreds and crossbreds.
iMating Type = Purebred or Crossbred pigs.
(P <0.05).

Table 12. Least-square means®and SE for BF®

Line®
LOW HIGH Mean
Mating Type®
Purebred 263" +1.01 337" +095 300 +0.52
Crossbred 279" +088 2929 +0.88 283" +0.38

Mean 2717 +0.82 315 #0.75

®Means, within columns and within rows, lacking common

superscript differ (P < 0.05).
bSE = Standard error of the mean.

°BF = Real time ultrasound back fat adjusted to 114 kg (mm).
ILine = LOW and HIGH testosterone lines pooled across

purebreds and crossbreds.
*Mating Type = Purebred or Crossbred pigs.

*%k

(P < 0.05).
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Table 13. Least-square means®and SE for Line x Sex interaction
for BF°

Sex
Barrow Gilt Mean
Mating Type®
LOW 353" +0.68 18.6°7 +0.61 26.9 +0.47
HIGH 410" +0.67 21.6° 057 313 +0.44
Mean 382 +0.47 201 +0.42

#Means, within columns and within rows, lacking

common superscript differ (P < 0.05).

°SE = Standard error of the mean.

°BF = Real time ultrasound back fat adjusted to

114 kg (mm).

9Line = LOW and HIGH testosterone lines pooled across purebreds
and crossbreds.

" (P < 0.05).

Table 14. Least-square means®and SE” for LMA®

Lined
LOW HIGH Mean

Mating Type®
Purebred 35.8" +057 356" +054 3587 +0.34

Crossbred 30.8" +0.47 38.3% +0.47 391 +0.25

Mean 37.8 042 36.9 +0.39

®Means, within columns and within rows, lacking common
superscript differ (P < 0.05).

°SE = Standard error of the mean.

‘LMA = Real time ultrasound longissimus muscle area adjusted to
114 kg (cm2).

ILine = LOW and HIGH testosterone lines pooled across
purebreds and crossbreds.

*Mating Type = Purebred or Crossbred pigs.

" (P < 0.05).
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Table 15. Least-square means®and SE® for PPL®

Line®
LOW HIGH Mean
Mating Type®
Purebred 4859 +0.44 459" +041 4737 +0.24
Crossbred 49.6" +0.37 4869 +0.37 49.2 +0.17
Mean 49.1 +0.35 47.27 +0.32

®Means, within columns and within rows, lacking common

superscript differ (P < 0.05).
’SE = Standard error of the mean.
‘PPL = Predicted percent lean (%).

dLine = LOW and HIGH testosterone lines pooled across

purebreds and crossbreds.
iMating Type = Purebred or Crossbred pigs.
(P <0.05).
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Table 16. Least-square means®and SE® for growth and carcass traits

Traits®
D114.d ADG, kg/d BF, mm LMA, cm? PPL, %
Sex
Barrow 2007 +1.7 0.62 +0.006 38.2 +0.65 36.3° +0.36 446" +0.28
Gilt 209  +1.6 0.59™ +0.005 20.47 +0.61 38.4 +0.34 51.7  +0.26

®Means, within columns, lacking common superscript differ (P < 0.05).

°SE = Standard error.

‘D114 = Days to 114 kg, ADG = Average daily gain, BF = Real time ultrasound back fat adjusted to 114

!5*9, LMA = Real time ultrasound longissimus muscle area adjusted to 114 kg, PPL = Predicted percent lean.
(P <0.05).
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Table 17. Least-square means®and SE® for FDEPTH®

Lined
LOW HIGH Mean
Mating Type®
Purebred 31.1 +1.84 33.3 +1.87 326 +1.23
Crossbred 30.2 +1.09 31.6 +1.08 30.6 +0.43
Mean 30.7 #1.21 325 #+1.16

®Means, within columns and within rows, lacking common
superscript differ (P < 0.05).

°SE = Standard error of the mean.

‘FDEPTH = Fat-O-Meater fat depth (mm).

dLine = LOW and HIGH testosterone lines pooled across
purebreds and crossbreds.

*Mating Type = Purebred or Crossbred pigs.

" (P < 0.05).

Table 18. Least-square means®and SE” for LDEPTH®

Lined
LOW HIGH Mean

Mating Type®
Purebred 53.89 +1.69 55.09 *+1.92 543 *1.26

*k

Crossbred 50.00 +0.73 51.29 +0.70 50.7" +0.42

Mean 519 +095 531 +1.04

®Means, within columns and within rows, lacking common
superscript differ (P < 0.05).

°SE = Standard error of the mean.

‘°LDEPTH = Fat-O-Meater loin depth (mm).

dLine = LOW and HIGH testosterone lines pooled across
purebreds and crossbreds.

*Mating Type = Purebred or Crossbred pigs.

" (P < 0.05).
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Table 19. Least-square means®and SE for %LEAN®

Lined
LOW HIGH Mean
Mating Type®
Purebred 47.0 +1.24 45.7 +1.27 46.1 +0.84
Crossbred 46.3 +0.71 448 +0.70 458 +0.30
Mean 46.6 +0.80 45.2 +0.77

®Means, within columns and within rows, lacking common

superscript differ (P < 0.05).
°SE = Standard error of the mean.
“%LEAN = Lean percentage (%).

Line = LOW and HIGH testosterone lines pooled across

purebreds and crossbreds.
iMating Type = Purebred or Crossbred pigs.
(P <0.05).



Table 20. Least-square means®and SE® for Fat-O-Meter traits

Traits®
FDEPTH, mm LDEPTH, mm %LEAN
Sex
Barrow 34.2 +0.97 50.6"  +0.89 4397  +0.65
Gilt 29.07  +0.88 54.5 +0.74 47.9 +0.58

#Means, within columns, lacking common superscript differ (P < 0.05).

SE = Standard error.

‘FDEPTH = Fat-O-Meater fat depth, LDEPTH = Fat-O-Meater loin depth, %LEAN = Lean

percentage.
(P <0.05).
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Table 21. Least-square means®and SE” for MAR®

Line®
LOW HIGH Mean
Mating Type®
Purebred 359 +0.18 3.4 +0.17 34  +0.11
Crossbred 28" +0.14 28" +0.13 2.8 +0.08
Mean 32 +0.13 3.1  +0.11

#Means, within columns and within rows, lacking common
superscript differ (P < 0.05).

®SE = Standard error of the mean.

‘MAR = Marbling score (scale 1 - 10; 1 devoid - 10 abundant).
ILine = LOW and HIGH testosterone lines pooled across
purebreds and crossbreds.

*Mating Type = Purebred or Crossbred pigs.

" (P < 0.05).

Table 22. Least-square means®and SE® for %LIPID®

Lined
LOW HIGH
Mating Type®
Purebred 3.95 +0.219 400 +0.211
Crossbred

®Means, within columns and within rows, lacking common
superscript differ (P < 0.05).

°SE = Standard error of the mean.

“%LIPID = Percent lipid determined by Folch method (%).
dLine = LOW and HIGH testosterone lines pooled across
purebreds and crossbreds.

*Mating Type = Purebred or Crossbred pigs.

" (P < 0.05).



Table 23. Least-square means®and SE® for pH®

Line®
LOW HIGH
Mating Type®
Purebred
Crossbred 591 +0.022 591 +0.020

®Means, within columns and within rows, lacking common
superscript differ (P < 0.05).

°SE = Standard error of the mean.

°pH = pH 24 h post-mortem.

Line = LOW and HIGH testosterone lines pooled across
purebreds and crossbreds.

*Mating Type = Purebred or Crossbred pigs.

" (P < 0.05).

Table 24. Least-square means®and SE” for DRIP®

Lined
LOW HIGH Mean

Mating Type®
Purebred 2.009" +0.218 257" +0.213 230 +0.140

Crossbred 1.22"  +0.165 1.87° +0.156 1.54 +0.092

Mean 1.617 #0.150 2.22 +0.138

#Means, within columns and within rows, lacking common
superscript differ (P < 0.05).

°SE = Standard error of the mean.

‘DRIP = Average collected purge from 40-50 g samples suspended
48 h (sample wt x 100) (%).

dLine = LOW and HIGH testosterone lines pooled across
purebreds and crossbreds.

*Mating Type = Purebred or Crossbred pigs.

" (P < 0.05).
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Table 25. Least-square means®and SE for CS°

Line®
LOW HIGH
Mating Type®
Purebred
Crossbred 3.65 +0.067 3.54 +0.061

®Means, within columns and within rows, lacking common
superscript differ (P < 0.05).

°SE = Standard error of the mean.

°CS = Color scale (scale 1 - 6; 1 pale gray - 6 dark purplish red).
dLine = LOW and HIGH testosterone lines pooled across
purebreds and crossbreds.

*Mating Type = Purebred or Crossbred pigs.

" (P < 0.05).

Table 26. Least-square means®and SE® for L*°

Lined
LOW HIGH

Mating Type®
Purebred

Crossbred 50.22"° +0.546 52.10 +0.539

®Means, within columns and within rows, lacking common
superscript differ (P < 0.05).

PSE = Standard error of the mean.

°L* = Lightness color scale (range 0-100, 1 = pure black and
100 = pure white).

dLine = LOW and HIGH testosterone lines pooled across
purebreds and crossbreds.

*Mating Type = Purebred or Crossbred pigs.

™ (P < 0.05).



Table 27. Least-square means®and SE® for a*°

Line®
LOW HIGH
Mating Type®
Purebred
Crossbred 6.85 £0.148  7.82 0.143

®Means, within columns and within rows, lacking common
superscript differ (P < 0.05).

°SE = Standard error of the mean.

‘a* = Red to green color scale (higher value = redder color).
dLine = LOW and HIGH testosterone lines pooled across
purebreds and crossbreds.

*Mating Type = Purebred or Crossbred pigs.

" (P < 0.05).

Table 28. Least-square means®and SE” for b**

Line®
LOW HIGH
Mating Type®
Purebred
Crossbred 1.02™ +0.251 1.90 +0.247

®Means, within columns and within rows, lacking common
superscript differ (P < 0.05).
PSE = Standard error of the mean.

“b* = Blue to yellow color scale (higher value = more yellow).

Line = LOW and HIGH testosterone lines pooled across
purebreds and crossbreds.

*Mating Type = Purebred or Crossbred pigs.

" (P < 0.05).
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Table 29. Least-square means®and SE” for meat quality traits

Traits®
MAR %LIPID pH DRIP, %

Sex
Barrow 3.4~ +0.11 3.8 +0.222 593 +0.020 1.83 #0.133
Gilt 29 +0.10 4.15 +0.184 5.88 +0.020 2.00 +0.122

Traits®
CS L* a* b*

Sex
Barrow 3.69° +0.061 51.33 +0.43 7.42 +0.124 1.53 +0.197
Gilt 3.50 +0.061 51.0 +0.43 7.25 +0.126 1.39 +£0.199

®Means, within columns, lacking common superscript differ (P < 0.05).

°SE = Standard error.

‘MAR = Marbling score (scale 1 - 10; 1 devoid - 10 abundant), %LIPID = Percent
lipid determined by Folch method, pH = pH 24 h post-mortem, DRIP = Average
collected purge from 40-50 g samples suspended 48 h (sample wt x 100),

CS = Color scale (scale 1 - 6; 1 pale gray - 6 dark purplish red), L* = Lightness
color scale (range 0-100, 1 = pure black and 100 = pure white), a* = Red to green
color scale (higher value = redder color), b* = Blue to yellow color scale (higher
value = more yellow).

" (P < 0.05).
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