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ABSTRACT
The reproductive development of 2 meat strains (Cobb 500 and Cobb MX) of broiler

breeder males provided different levels of total feed intake during rearing was evaluated. Six
hundred day old cockerels from each strain were divided among 4 feeding treatments (full fed;
and concave, standard, and convex restricted feed levels) with each treatment and strain housed
separately. The concave and convex feeding treatments were 5-10% above and below standard
strain guidelines. All cockerels were full fed to 3 weeks of age, with the 3 feed restricted
treatments implemented at 22 days and continued to 20 weeks of age. At 21 weeks of age 44
cockerels from each restricted feeding treatment and strain were moved to individual cages,
photostimulated and fed to maintain target body weight. Total testes weight relative to total
body weight was greater in the full fed cockerels than the restricted fed birds after 8 weeks of
age. There were no differences in relative testes weight between any of the feed restricted birds.
For the entire rearing period, the overall relative testes size was greater for the MX males.
Regardless of the feeding regimen total testosterone concentrations reached detectable levels 2 to

4 weeks earlier in the MX males than the Cobb 500 males. The ontogeny of detectable plasma



testosterone levels was also negatively correlated with total feed intake. The results suggest that

sexual maturation in the MX strain may occur at a faster rate than in the Cobb 500 strain.
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Chapter 1
REPRODUCTIVE ENDOCRINOLOGY OF BROILER BREEDER ROOSTERS

1.1. Structure of the Testis

In avian species paired internal testes are located along the dorsal body wall below the
spine and cranial to the kidneys. This internal location means that spermatogenesis occurs at 41°
C in avian species as opposed to the scrotal temperature of about 25° C in other livestock
animals. Because spermatogenesis occurs at an elevated temperature in birds, there is a higher
mortality rate for the developing sperm, but this increased rate of mortality is negated by the
higher synthetic capacity of birds to produce sperm per weight of testes compared to other farm
animals (Bearden and Fuquay 1984; Howarth, 1995). The sensitivity to high temperatures also
results in decreased semen quality and fertility in roosters exposed to heat stress (McDaniel et
al., 1995, 1996; Jiang et al., 1999; Karaca et al. 2002). In addition to the higher synthetic
capability, avian species also lack the accessory reproductive organs such as the bulbourethral
glands, seminal vesicles and prostrate which are common in mammalian species. The absence of
the secretions from these accessory organs results in avian semen being much less voluminous
and more concentrated than semen produced by mammalian species (Howarth, 1995)

Each individual testis is composed primarily of two types of tissue: the interstitial tissue
and seminiferous epithelium. The interstitial tissue is dispersed in the spaces between the
seminiferous tubules and contains blood and lymphatic vessels, nerves, and leydig cells. Thin

concentric layers of myoepithelial cells (also called myoid cells or peritubular contractile cells),



fiberblasts, and connective tissue overlie the basal lamina separating the interstitial and
seminiferous epithelium (Rothwell and Tingari. 1973).

The seminiferous epithelium is composed of spermatogonia and sertoli cells which
completely line the circumference of each seminiferous tubule. The seminiferous epithelium
within the seminiferous tubules is compartmentalized into basal and adluminal regions via tight
junctions between adjacent sertoli cells. The sertoli cells are large cells that project from the
basal lamina to the lumen of the seminiferous tubule. In the basal region the sertoli cells
surround the spermatogonia. As they extend towards the lumen, adjacent sertoli cells lining the
circumference of the seminiferous tubule contact one another and form tight junctions. The tight
junctions between all the sertoli cells lining the seminiferous tubule gives rise to the blood testis
barrier (Osman et al., 1980; Bergmann and Schidelmeiser, 1987; Pelletier 1990). The adluminal
region of the seminiferous tubule consists of the portion of the sertoli cells below the tight
junctions until they terminate at the lumen of the seminiferous tubule and consists of all of the
spermatogonia which are actively undergoing spermatogenesis and are embedded within crypts
of the sertoli cells. The blood testes barrier protects developing sperm from toxins and mutagens
as well as from the immune system which would not recognize the developing sperm as self and
would mount an immune response to destroy them (Howarth, 1995).

Fully developed sperm are released into the lumen of the seminiferous tubules. The
seminiferous tubule network merges into the rete testis followed by the efferent ducts,
connecting ducts, the epididymal duct (commonly referred to as the epididymis in mammalian
species) and finally the deferent duct (or vas deferens in mammalian species). The caudal end of
each deferent duct expands into the receptacle of the deferent duct which opens into the cloaca

via a papilla. The papilla of the paired deferent ducts is located next to the rudimentary phallus.



The phallus of the rooster is very small and is not a true intromittent phallus. Instead the phallus
nonprotrudens is located ventro-medially in the cloaca on the ventral lip of the vent. When
erected with lymph fluid the rooster phallus is heart-shaped in structure and with a median
groove that facilitates the flow of semen to the outside of the vent for copulation (Nishiyama,

1955).

1.2. LHRH, FSH, and LH

Gonadotropin releasing hormone, or GnRH, is released from the hypothalamic median
eminence in response to environmental and physiological cues (Contijoch ef al., 1992; Advis and
Contijoch, 1993), and it initiates the reproductive cycle by stimulating the production and release
of follicle stimulating hormone (FSH) and luteinizing hormone (LH) from the anterior pituitary.
The key cues that stimulate GnRH production in the domestic rooster are adequate
photostimulation (greater than 12 hours), attaining a body weight to support reproduction, and
having adequate nutrition to support reproduction. In avian species, GnRH is specifically
referred to as luteinizing hormone releasing hormone (LHRH) because experimentally only LH
release from the anterior pituitary has been proven to be stimulated by GnRH (Krishnan et al.,
1993; Proudman et al., 2006). There are three forms of GnRH (GnRH I, GnRH II, and 1GnRH
IIT), however only GnRH I appears to control LH secretion in vivo in avian species (Katz et al.,
1990; Sharp et al., 1990; Wilson et al., 1990a, 1990b, 1991; Millam ef al., 1998).

LH is released from the anterior pituitary in a pulsatile manner (Wilson and Sharp, 1975;
Bacon et al., 1991; Vizcarra et al., 2004). The Leydig cells of the testes are LH sensitive (Brown

et al., 1975, 1977; Ishii and Furuya, 1975; Ishii and Yamamoto, 1976). The Leydig cells have



the enzymes necessary for steroidogenesis and quickly respond to LH stimulation by producing
androgens (Maung and Follett, 1977; Johnson 1996).

The sertoli cells are the primary testicular target of FSH (Brown et al., 1975, 1977; Ishii
and Furuya, 1975; Ishii and Yamamoto, 1976). Although FSH stimulates sertoli cell growth and
function, its actions are potentiated by testosterone (Brown and Follett, 1977) and the androgen
receptor (Dornas et al., 2008; Gonalez-Moran ef al., 2008) and androgen binding protein are

present in Sertoli cells.

1.3. Leydig Cell Function

The primary function of the Leydig cells is the production of androgens primarily
androstenedione and testosterone. Androstenedione is the common end product of both the A4
and A5 steroidogenesis pathways, and it can be metabolized into testosterone, which then can be
converted to estrogen by aromatase. In addition, testosterone can be converted by 5-alpha-
reductase to 5-alpha-dihydrotesterone, a very potent androgen. The androgens stimulate the
expression of secondary sexual characteristics such as plumage, muscle mass and testis size as
well as modulate the expression of a variety of behaviors in avian species such as aggression,
territoriality, and copulation (Murton and Westwood, 1977).

Testosterone in the adult male is necessary for spermatogenesis, maintenance of the
excurrent ducts and behavioral aspects such as crowing, territorial aggressiveness and mating
behavior. Testosterone also inhibits apoptosis of germ cells. Conversion of testosterone to 5-
alpha-dihydrotestosterone at the pituitary inhibits LH production. Similarly, at the hypothalamus

estrogen produced from testosterone inhibits GnRH production (Davies et al., 1980 a, b; Wilson



et al., 1983). Thus, the negative feedback regulation from the testes to the brain to control
testosterone production is accomplished indirectly.

In addition to its role in regulating testosterone production, estrogen has several other
important roles in male reproduction. It is involved in the growth, differentiation and function of
male reproductive tissues and plays vital roles in spermatogenesis (Howarth, 1995). Estrogen
also plays a pivotal role in the development of the specialized feathers in male birds to attract

females (Sturkie, 1976).

1.4. Sertoli Cell Function

Sertoli cells sequester postmeiotic germ cells within the adluminal compartment of the
seminiferous tubule which protect them from toxins and immunological attack. Because the
developing sperm cells are protected by the Sertoli cell derived blood testes barrier, the Sertoli
cells must provide a microenvironment in which spermatogenesis occurs. Therefore, they
produce androgen binding protein which binds testosterone and sequesters it near developing
spermatocytes for their normal growth and maturation. The Sertoli cells transfer nutrients to the
developing sperm cells, and remove the debris from damaged spermatocytes or degenerating
germ cells. They regulate the number of developing sperm through Fas ligand mediated
apoptosis of germ cells. The Sertoli cells also produce inhibin which provides a negative
feedback loop to the brain to limit the production of FSH. During embryonic development the
Sertoli cells are the source of anti-Mullerian hormone, which leads to the degradation of the
Mullerian duct in males for proper sexual differentiation. Finally, Sertoli cells secrete the fluid
which suspends spermatozoa within the lumen of the seminiferous tubules (Kirby and Froman,

2000). Given the vital functions Sertoli cells play in sperm development it is not surprising that



the number of Sertoli cells present in the testis is proportional to testicular size and thus sperm

production (Etches, 1996).

1.5. Other Key Hormones Involved in Testes Function
1.5.1. Activin and Inhibin

Activin and inhibin are two closely related dimeric glycoprotein hormones that share a
common protein subunit. Activin is composed of a combination of two distinct but similar 3
subunit proteins and exists in three different forms: activin A (consisting of two 34 subunits),
activin B (two Pg subunits), and activin AB (one 4 subunit and one g subunit). Inhibin is
composed of one a subunit protein and one B subunit protein and exists as either inhibin A (with
one o and one B4 subunit) or inhibin B (o and Bg). Activin and inhibin not only modulate FSH
secretion from the pituitary but also have many other reproductive functions in mammalian
species as reviewed by Halvorson and DeCherney (1996), Mather et al., (1997), Woodruff
(1998, 2002), Welt et al., (2002), and Phillips and Woodruff (2004).

Follistatin, a soluble binding protein, binds activin and inhibin through their common (-
subunit (Nakamura ef al., 1990). However, follistatin binds inhibin with less affinity than it does
with activin (Shimonaka ef al., 1991; Krummen et al., 1993). As reviewed by Michel et al.
(1993), many of the biological actions of activin seem to be neutralized by the binding of activin
with follistatin, but binding of activin by follistatin may not neutralize all biological activities of
activin (Mather et al., 1993). Changes in the bioactivity of inhibin once bound to follistatin have
not been characterized.

The mRNA expression and protein expression of the inhibin and activin subunits as well

as follistatin have been reported in roosters (Davis and Johnson 1998; Lovell et al., 2000;



Onagbesan et al., 2004). The mRNA for all of the inhibin and activin subunits is expressed
throughout the prepubertal period of testicular development (Davis and Johnson 1998;
Onagbesan et al., 2004). Plasma inhibin A concentrations in cockerels are detectable at 5 weeks
of age and show a rapid but transient rise from 14 to 18 (onset of sexual maturity) weeks of age
and then decline thereafter to low levels in the adult (Lovell ef al., 2000). In contrast, plasma
inhibin B concentrations are undetectable before 16 weeks of age but then increase progressively
through 25 weeks of age in parallel with increasing plasma FSH and testosterone concentrations
(Lovell et al., 2000). The increased plasma concentrations of inhibin B seen in the rooster after
sexual maturation is consistent with the increase in plasma inhibin B levels seen in human males
after puberty and may indicate that plasma inhibin B levels in roosters may be positively
correlated with sperm production as it is in humans (Andersson et al., 1998; Byrd et al., 1998).
Circulating levels of activin A are not detectable in rooster plasma (Lovell et al., 2000), but that
does not negate the possibility that activin A and B may play critical autocrine and paracrine

roles in the testes.

1.5.2. Leptin

Leptin, a protein hormone synthesized and secreted by adipose tissue in mammals,
regulates food intake and energy expenditure as reviewed by Friedman and Halaas (1998) and
Houseknecht and Portocarrero (1998), and influences the onset of reproductive puberty and
gonad steroidogenesis as reviewed by Smith et al. (2002), Ebling (2005), Zieba et al., (2005),
and Budak et al. (2006). In avian species a putative leptin protein is produced in the liver in
response to feeding (Taouis ef al., 1998; Ashwell et al., 1999; Kochan ef al., 2006). The biology

of the chicken leptin receptor has also been fairly well characterized (Horev et al., 2000; Ohkubo



et al.,2000). Leptin’s role in avian reproduction is not well investigated, but based on
preliminary reports in hens it may provide an endocrine mechanism that allows nutritional status
to influence reproduction (Ohkubo et al., 2000; Paczoska-Eliasiewicz et al. 2003; Cassy et al.

2004).

1.5.3. Ghrelin

In mammals, the hormone ghrelin is produced by the stomach. Ghrelin production is
increased when there is a negative energy balance and many of its physiological actions involve
increasing feed intake and influencing metabolism as reviewed by Korbonits ez al. (2004), Van
der Lely et al. (2004), and Ueno ef al., 2005. Ghrelin has been found to suppress LH secretion in
mammals and may provide a mechanism by which insufficient caloric intake depresses
reproduction (Furuta et al., 2001; Fernandez-Fernandez et al., 2004; Vulliemoz et al., 2004;
Tena-Sempere, 2005). In chickens, ghrelin mRNA expression is highest in the proventriculus
(Kaiya et al., 2002; Richards ef al., 2006). Plasma ghrelin levels increase when chicks are fasted
and after refeeding return to baseline levels (Kaiya ef al., 2007). Plasma ghrelin levels also
increase in broiler breeder hens that are fasted (Freeman, 2008). The mRNA for the ghrelin
receptor has been detected in the theca and granulosa cells from hierarchical and nonhierarchical
follicles and the mRNA expression of the ghrelin receptor is down-regulated by FSH and LH in

cultured granulosa cells (Freeman, 2008).

1.5.4. Thyroid Hormone
In mammalian species, thyroid hormones (T3 and T4) are well established as regulators

of metabolism, but there is emerging evidence that they may be involved in regulating



reproduction as well. Elevated levels of thyroid hormone can delay sexual maturity, alter
gonadotropin release, and increase sex hormone binding globulin production such that steroid
hormone activity is altered (Fitko and Szelezyngier, 1994; Doufas and Mastorakos, 2000). Low
levels of thyroid hormones are also associated with decreased androgen production (Doufas and
Mastorakos, 2000). In avian species, thyroid hormones help regulate body temperature
(Danforth and Burger, 1984) and growth and maturation (Bouvet et al., 1987). The role of
thyroid hormones in regulating reproduction in avian species has not been examined extensively.
Exogenous thyroid hormone will stimulate testicular growth in quail (Follett and Nicholls, 1985;
Yoshimura et al., 2003). In addition, T4 concentrations are elevated and T3 concentrations are
depressed during molting (Brake et al., 1979; Lien and Siopes, 1989; Davis et al., 2000). The
elevated T4 levels during molting are interesting given that feed restricted broiler breeder hens
(Bruggeman et al., 1997), male chicks food deprived for about one day (Buyse ef al., 2000), and
male quail food deprived for three days (Kobayashi and Ishii, 2002) all have reduced plasma
concentrations of T3. Therefore, more research is needed to determine the potential roles thyroid

hormones play in avian reproduction.

1.6. Spermatogenesis and Testicular Development

Spermatogenesis, the formation of a spermatozoa from a spermatogonia (germ cell) is 4
to 6 times more rapid in avian species than humans and other farm animals (de Reviers, 1968;
Takeda 1969; Howarth 1995). In general, spermatogenesis in avian species commences with the
mitosis of a spermatogonia into two daughter cells. One of these daughter cells remains
quiescent and thus renews the original spermatogonia. The other daughter cell undergoes mitosis

to yield two more spermatogonia which both undergo mitosis to yield 4 B spermatogonia which
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move to adluminal compartment of the seminiferous tubule. The B spermatogonia undergo
another mitotic division to yield 8 primary spermatocytes. Two subsequent meiotic divisions
yield 16 secondary spermatocytes and 32 spermatids, respectively. The spermatids undergo
cellular structural transformations (spermiogenesis) to give rise to spermatozoa that are released
(spermiation) into the lumen of the seminiferous tubule.

Testicular development in avian species can be categorized into 3 phases. In the
prepubertal phase the growth of the testes is slow and is linearly correlated with age and body
weight. Spermatogonia are increasing in number by mitosis and at the end of this phase primary
spermatocytes may be present. In the domestic rooster this phase typically spans from 0 to 10 to
14 weeks of age. The pubertal phase is next and it spans in domestic roosters from 10-14 to 20-
24 weeks of age. During this phase there is rapid sertoli cell growth and thus rapid testicular
growth. The first spermatozoa are produced. Sexual maturity is the final phase and during this
phase testes are at maximum size and activity and the quality of spermatozoa produced is at its
maximum (de Reviers and Williams, 1984).

Wild avian species are seasonal breeders and display a cyclic reduction of fertility which
is accompanied by regression of the testes. The ancestors of domestic roosters were also
seasonal breeders, but over time they were selected and managed for continuous breeding. For
roosters, fertility peaks at about 32 weeks of age and subsequently declines until fertility is very
low by 65 to 70 weeks of age. The decline in fertility is concomitant with a reduction in the
number of spermatozoa in the ejaculate (Lake 1989; Sexton et al., 1989). The reduction in
fertility in aged domestic male fowl is also associated with an age-related decline in testicular
FSH, LH and androgen receptors (Ottinger et. al., 1997, 2002; Gonzalez-Moran et al., 2008) and

an increase in the estrogen receptor alpha isoform and the progesterone receptor (Gonzalez-
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Moran et al., 2008). In addition, the density and morphology of the Leydig cells in aged roosters
is altered such that less androgen is produced which is likely responsible for the impaired release

of spermatozoa from Sertoli cells observed in aging roosters (Rosenstrauch et al., 1994, 1998)

1.7. Summary

The cellular structure of the avian testes mirrors that of other domestic farm animals.
However, avian testes are located internally and thus spermatogenesis occurs at the core body
temperature of the male bird. Male birds also lack most of the accessory sex organs found in
other farm animals. In most bird species reproduction is seasonal and the testes regress in males
when they are not in the breeding season. Through genetic selection, controlled
photostimulation and providing the nutrient and energy intake to support reproduction,
reproductive seasonality has mostly been eliminated in commercially farmed poultry species.

However, there still is a decline in male fertility as the sexually mature male ages.
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Chapter 2

FEED RESTRICTION AND REPRODUCTION

2.1. The Need for Feed Restriction

Today’s broiler breeders have been genetically selected for many generations for
maximum meat yield and fast and efficient growth (Renema and Robinson, 2004).
Unfortunately, this genetic selection has been associated with a loss of reproductive efficiency
(Rappaport and Soller, 1966; Reddy 1996; Barbato 1999; Renema and Robinson, 2004).
Furthermore broiler breeders differ from layers, in that they will consume feed beyond their
nutritional requirement. Layers, conversely, will consume the appropriate feed amounts to meet
their nutritional needs (Renema and Robinson, 2004). Broiler breeders are known to consume to
the full capacity of the gastrointestinal tract. The assumption is that the selection for rapid
growth in broilers has resulted in them having an eating behavior being controlled more by
satiety mechanisms (preprandial) from the hypothalamus rather than hunger mechanisms
(postprandial; Bokkers and Koene, 2003).

While the nearly insatiable appetite of broilers supports their rapid growth rate and allows
them to reach a market weight of 2 to 2.5 kilograms in 6 weeks, this appetite and rapid growth
rate are problematic for optimal reproductive performance in the genetically similar parent stocks
of broilers. Optimum reproductive efficiency in broilers is dependent on attaining an ideal body
weight to support reproduction, consuming a nutritionally adequate diet, and being
photostimulated. In the United States, broiler breeder cockerels are reared on corn/soybean meal

diets which are the same type of diets used to feed commercial broilers that reach market size in
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6 weeks. The ideal body weight for reproduction is similar to market size, but the optimum
sensitivity to photostimulation for reproduction in broilers does not occur until about 16 to 20
weeks of age (Ingkasuwan and Ogasawara, 1966; Sharp and Gow, 1983).

Testicular development is very sensitive to stimulation by increasing photoperiod lengths.
A photoperiod of 12 to 14 hours is sufficient to stimulate maximum plasma LH and FSH
concentrations, and testicular growth as reviewed by Sharp (1993) and Etches (1996). However,
chicks are born photorefractory and acquire sensitivity to light only after they have been exposed
to short day lengths (Etches, 1996). The duration of the exposure to short days before
photosensitivity is acquired is not well researched, but it appears to be 8-12 weeks as reviewed
by Etches (1996). Cockerels that are not photostimulated will still reach sexual maturity and
produce sperm based on attaining a body weight to support reproduction and consuming a diet
that meets the energy demands of reproduction. Domestic fowl reared on a daily, continuous
lighting schedule that provides either 6 hours or 22 hours of light will still reach sexual maturity
at about 21 weeks of age (Johnson, 2000).

Because maximum hatching egg production is the goal for broiler breeder farmers, they
must manage their broiler breeder pullets so ideal body weight for the onset of reproduction and
maximum egg size is achieved at about 20 to 21 weeks of age and matches the acquisition of
photosensitivity for reproduction. As a result, cockerels have been managed to fit the same time
schedule so their sexual maturity coincides with egg production by the hens. However, sexual
maturity in cockerels could probably be achieved at an earlier age closer to the acquisition of
photosensitivity at 8-12 weeks of age without a loss in male fertility based on research conducted

in turkey toms (Etches ef al., 1993).
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To prevent broiler breeder cockerels from growing too quickly and becoming obese and
reproductively unfit by 20 to 21 weeks of age when they are placed with pullets and
photostimulated for reproduction, their dietary intake is severely restricted. Typically, feed
allocations are 60-80 percent less during the rearing period and 25-50 percent less during the
laying period than what the breeder pullets/hens would consume ad libitum (Renema and
Robinson, 2004). For the larger-bodied cockerels the amount of feed restriction is equal or

greater than that imposed on the pullets.

2.2. Quantitative Feed Restriction

There are two basic approaches to feed restricting broiler breeders, a severe quantitative
restriction of the typical energy dense corn and soybean meal based diet or a qualitative
restriction in which the nutrient density of the diet is diluted so that more feed can be fed at a
given time. Typically for the quantitative restriction feeding programs, the corn/soybean meal
diet that is used is so nutrient dense that the amount of feed available on daily basis during the
rearing period is not enough to be distributed to all of the available feeder space of the rearing
facility. Therefore, the cockerels are typically fed on a skip a day basis so that the feed allotment
for two days can be combined. By combining two days worth of feed, the amount of feed that is
fed is large enough that it can be distributed to all the available feeder space, which reduces the
competition among the birds and helps ensure that the less aggressive birds also get their portion
of feed. The reduction in competition for food results in improved flock body weight uniformity
(Bartov et al., 1988), which leads to better overall flock performance because their nutrient and
management requirements are similar. However, even with this management technique there is

still variation in testes size and development across the flock of sexually mature males (Vizcarra
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et al.,2000). Once the males are placed with females and are actively breeding, the amount of
feed needed to support fertility and their health allows the total volume of feed to be sufficient so

that the roosters can be placed on an everyday feeding schedule.

2.3. Qualitative Feed Restriction

In an effort to decrease the severity of the feed restriction associated with quantitative
feed restriction programs, researchers have developed and tested qualitative feed restriction
programs. The goal of the qualitative feed restriction programs is to increase the amount of feed
available to be fed through the use of feed diluents or by utilizing less nutrient dense feed
ingredients. Research in this area has almost been exclusively targeted towards broiler breeder
pullets and hens. Zuidhof et al., (1995) fed broiler breeder hens standard rearing and laying diets
from 0 to 56 weeks of age or the standard diets diluted with either 15% or 30% with ground oat
hulls. The birds fed the diluted diets had better flock body weight uniformity and decreased
stress levels than the birds fed the standard undiluted diets. The better stress levels and flock
uniformity values probably resulted from the increased availability of feed. In fact, during the
lay period the average time until all the feed was consumed was 264, 349, and 489 minutes for
the standard diet, and the standard diet diluted with 15 or 30 percent oat hulls, respectively.
Hens fed the diet with the 15% ground oat hulls had the highest egg production and chick
production of all the treatments through 56 weeks of age. Egg production for the birds fed 30
percent ground oat hulls was equivalent to the control birds. Tolkamp et al., (2005) also utilized
oat hulls (400 g/kg of diet) as a dietary diluent, but they combined its use with Ca propionate, an
appetite suppressant. By adding both oat hulls and Ca propionate to the diet, Tolkamp ef al.,

were able to feed the diet ad libitum to broiler breeder pullets during the rearing phase. Even
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though the pullets were fed ad libitum and consumed 6.54 kg/bird more feed than the pullets fed
a control diet lacking the oat hulls and Ca propionate, they gained body weight at an equivalent
rate to the control birds and had equal subsequent reproductive performance.

Lordelo et al. (2004) utilized a different approach to qualitative feed restriction. Instead
of diluting the diet with “filler” such as oat hulls, they reared broiler breeder pullets from 2 to 18
weeks of age with either a standard corn/soybean meal diet or a diet in which the soybean meal
was replaced with cottonseed meal, which has a lower nutrient density than soybean meal. The
birds that were fed the cottonseed meal diet had to be fed a greater amount of feed in order to
achieve the same body weight as those fed the diet containing soybean meal. In particular, the
birds could be fed more of the corn/cottonseed meal diet without increasing body weight gain
compared to the birds fed the corn/soybean meal diet because of the very low levels of total and
available lysine in cottonseed meal relative to soybean meal. As a result of being provided more
feed than the birds fed the diet containing soybean meal, the birds fed the corn/cottonseed meal

diet had significantly better flock body weight uniformity.

2.4. Decreasing Fertility of Male Broiler Breeders

Despite feed restriction programs controlling broiler breeder body weight, fertility rates
of male broiler breeders continue to decline. Geneticists continue to select for growth and yield
characteristics rather than reproductive traits (Reddy and Sadjadi, 1990; Brillard 2004). To
maintain acceptable fertility rates, the female to male ratio has decreased in breeder flocks, and
the replacement of males over the life cycle of the breeding hens has increased as has the use of
sex separate feeding programs (Hammerstedt, 1999). However, increasing the number of males

relative to females in a flock is limited by the need to maintain the social structure of the flock
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and thus fertility levels. Replacing old males in the breeder flock with younger males (spiking)
while normally sustaining flock fertility at high levels, can disrupt the flock social behavior to
the point of reducing fertility and it increases the cost of hatched chicks. Thus these
management practices are not long term solutions to the problem of declining fertility in male
broiler breeders and point to the need of including male fertility in the genetic selection of broiler
breeder stocks (Hammerstedt, 1999; Brillard, 2004).

The decline in fertility is especially severe in broiler breeder males as the later stage of
the reproductive cycle commences around 50 weeks of age (Kirk et al., 1980; Walsh and Brake
1997). Although as discussed earlier there is an age related decrease in fertility in all male
species, the fact that fertility can be maintained by artificial insemination at the end of the broiler
breeder production cycle, suggests that the decline in fertility seen commercially with natural
mating is associated with the physical condition of the males (Brillard and McDaniel, 1986). A
decline in mating activity and efficiency is largely attributed to the heavy body weight and poor
body condition of older males (Duncan et al., 1990; Hocking, 1990). Older, overweight males
are more likely to have difficulty in achieving cloacal contact with hens (Soller et al., 1965;
Hocking and Duff, 1989; Hocking et al., 1989). In addition, older males often have fertility
issues due to a higher prevalence of leg problems and lameness (Duff and Hocking, 1986,
Hocking and Duff 1989; Hocking ef al., 1989) that are related to excessive male body weight
(Hocking and Bernard, 2000; Hocking and Robertson, 2000).

2.5. The Timing and Degree of Feed Restriction for Optimum Fertility

While the necessity of feed restricting broiler breeders is widely recognized by poultry

scientists and producers, the degree of feed restriction as well as the timing and duration of feed

restriction during a broiler breeder’s life cycle is not agreed upon. The primary focus of this
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research has been with broiler breeder pullets and hens (Pym and Dillon 1974; McDaniel et al.,
1981; Robbins ef al., 1986 and 1988; Robinson et al., 1991; and Yu et al., 1992a, b; Bruggeman
et al., 1999; Gibson et al., 2006). Although the research has yielded conflicting results the
overall consensus is that some degree of feed restriction should occur in both the rearing and
breeding periods for optimum reproductive performance.

There is a perception that under restricting males during rearing such that early sexual
precocity occurs, results in a more rapid decline in reproductive performance as the roosters age
(Brillard, 2004). On the other hand, there is growing evidence that the decline in male fertility in
late production is not simply the result of males becoming overweight but rather due to over
restriction or a metabolizable energy deficiency (Buckner ef al., 1986; Sexton et al., 1989 a, b;
Cerolini et al., 1995; Bramwell et al., 1996, Romero-Sanchez et al., 2008). Poor fertility after 45
weeks of age could also be reversed by increasing male feed allocation (Cerolini ef al., 1995;
Romero-Sanchez et al., 2007a, b). More research is needed in male breeders to determine the
degree and timing of feed restriction for the development and maintenance of optimum fertility

levels in these birds.

2.6. Welfare Issues

Millman, et al., (2000) reported that broiler breeder males exhibit extremely high levels
of aggression which varies across genetic strains but is not associated with feed restriction.
Males fed ad libitum, displayed the most male to male and male to female aggression and sexual
behavior was not affected by feeding regimen (Millman, et al., 2000). However, ad libitum
feeding of broiler breeders is thought to be detrimental to the welfare of the birds because it leads

to obesity which results in higher mortality (Katanbaf ez al., 1989; Bruggeman et al., 2005) and
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more joint problems as reviewed by Renema and Robinson (2004). But, ad libitum feeding
reduces stress (Kubikova et al., 2001). Broiler breeder hens that are feed restricted have
increased abnormal behaviors related to stress, including more time spent pecking at feeders, less
time sitting, more time pacing, and less time preening (Kubikova et al., 2001). Plasma
corticosterone levels may also indicate the amount of stress a bird is experiencing as higher
levels of corticosterone are indicative of higher stress levels in avian species. Of course,
corticosterone levels may also be high when measured in experimental birds due to the stress of
handling and/or removal of blood by venipuncture, but Etches (1976) reported that bird handling
or removal of blood should not affect plasma corticosterone levels based on an experiment that
compared corticosterone levels in samples collected from birds through vein puncture or through
a previously placed catheter. Broiler breeder hens that are feed restricted according to the
breeder’s guidelines have higher corticosterone levels than birds fed ad libitum, fed twice the
amount of the restricted birds, or fed a qualitatively restricted diet diluted with 30% hardwood
dust (Kubikova et al., 2001). Thus, feed restricted birds may be stressed because they may be
hungry, bored, or stressed by the increased competition amongst their flock mates when feed is
given to them.

Utilizing a qualitative feed restriction program to feed birds may be better for animal
welfare compared to quantitative feed restriction programs. Sandilands ef al. (2005) noted lower
cortisol levels, less object picking (less signs of boredom), and less feed motivation in
qualitatively restricted birds compared to birds quantitatively restricted throughout their lives.
Zuidhof et al. (1995) also reported that broiler breeders fed a qualitatively restricted diet
implemented during the rearing and lay periods spend less time at the water source and that their

heterophil:lymphocyte ratios suggest a lower stress level at 12 weeks of age compared to a
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standard quantitatively restricted diet implemented during the rearing and lay periods. Kubikova
et al. (2001) also reported that hens which were qualitatively feed restricted had lower
corticosterone levels than hens that were quantitatively feed restricted, but they had higher

corticosterone levels than hens fed ad libitum.

2.7. Summary

Restricting feed intake is necessary in male broiler breeders to prevent them gaining too
much body weight which can be detrimental to fertility. Feed restriction methods fall into two
categories, qualitative and quantitative. In quantitative feed restriction programs small amounts
of a typical commercial broiler diet are fed, while in qualitative restriction programs the nutrient
content of the typical diet is diluted so that more of it can be fed. Although the best timing and
the degree to which feed needs to be restricted is not well defined for optimum male fertility, in
most commercial settings in the United States broiler breeders are restricted during both the
rearing and breeding periods. Typically some form of a quantitative skip a day feed restriction
program is used during the rearing phase followed by a quantitative every day feed restriction
program during the breeding/egg production period. Much more research is needed to determine

the best feed restriction protocol that maximizes fertility in male broiler breeders.
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Chapter 3
STATEMENT OF PURPOSE
Genetic selection for meat yield and fast and efficient growth in broilers is associated
with a loss of reproductive efficiency. To maintain acceptable male fertility rates the boiler
breeder industry has increased the number of males housed with females and replaces aging
males with younger more fertile males during the breeding production cycle. However, these
management practices are costly and are also ultimately limited by the need to maintain the
behavioral social structure of the flock. Thus, these management practices are not long term
solutions to the problem of declining fertility in male broiler breeders and point to the need of
including male fertility in the genetic selection of broiler breeder stocks. Broiler breeder males
are heavily feed restricted throughout their life to prevent them from obtaining a body weight
which is too large for effective mating or having too much body fat which can reduce
spermatogenesis. Although defining proper feed restriction protocols in female broiler breeders
has received a lot of research attention, the same is not true for male broiler breeders. More
research is needed in male breeders to determine the degree and timing of feed restriction for the
development and maintenance of optimum fertility levels in these birds. Therefore, the purpose
of the current research is to compare the reproductive development of a newly developed parent
line (Cobb MX) of broiler breeder males relative to its progenitor (Cobb 500), to determine how
different levels of feed restriction affect reproductive development in both strains and to
determine if plasma inhibin-B concentrations in roosters are correlated with sperm mobility

values and thus may be an indicator of fertility.
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Chapter 4
MATERIALS AND METHODS
4.1. Experiment 1
Four environmentally controlled rooms were used to rear the cockerels for this
experiment. The rooms measured 7.32 % 9.14 m and had pine shavings for litter. A nylon mesh
partition was placed down the middle of each room to form two equal sized pens for a total of
eight pens across the 4 rooms. At one day of age 560 Cobb 500 fast-feathering and 560 Cobb
MX cockerels were randomly divided among four rooms so that each room contained a pen of
140 Cobb 500 cockerels and a pen of 140 Cobb MX cockerels. The temperature of each room
was maintained at 32.2°C for the first week, and then decreased by approximately 2.8°C every
week thereafter until a target temperature of 21°C was reached. From one to three days of age
the chicks were given 24 hours of light per day and then from 4 to 21 days of age the amount of
light was decreased from 24 to 8 hours per day. The 8 hour per day lighting schedule was then
maintained until the conclusion of the experiment at 28 weeks of age. All the cockerels were
beak trimmed at the hatchery and were maintained on an industry standard vaccination program
throughout the experiment. Feed was distributed in each pen by automatic chain feeders and the
birds were given ad libitum access to water from nipple drinkers. All cockerels were wing-
banded for identification purposes. All animal procedures were approved by the Animal Care
and Use Committee of the University of Georgia.
All birds were fed a standard starter corn/soy diet (Table 4.1) ad libitum from 0 to 3
weeks of age and a developer diet (Table 4.1) from 3 through 20 weeks of age. At 3 weeks of

age each of the four rearing rooms was assigned one of the following feed restriction treatment:
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Table 4.1. Composition of the experimental diets (Experiments 1 and 2).

Diet
Ingredient Starter' Developer” Layer’
% of diet

Corn 62.95 57.82 70.87
Soybean meal, 49% CP 22.24 12.78 19.20
Poultry fat 0.00 0.50 0.59
Wheat middlings 10.53 25.00 0.00
Limestone 1.16 1.11 6.63
Deflourinated phosphate 1.75 1.56 1.85
Sodium chloride 0.54 0.35 0.30
Vitamin premix” 0.50 0.50 0.30
DL-Methionine 0.15 0.20 0.08
L-Lysine 0.10 0.09 0.10
Trace mineral premix’ 0.08 0.08 0.08
Calculated analysis®

M. E. (kcal/kg) 2,865.00 2,866.00 2,921.00
Crude protein (%) 18.00 15.00 15.00
Lysine (%) 1.00 0.75 0.84

Calcium (%) 0.91 1.03 3.25

Methionine and cystine (%) 0.73 0.70 0.63

Available phosphorus (%) 0.45 0.44 0.45

'Starter diet was fed to 3 weeks of age.

*Developer diet was fed from 3 through 28 weeks of age in Experiment 1 and from 3 through 20
weeks of age in Experiment 2.

*Layer diet was fed from 21 to 60 wk of age (Experiment 2).

*Vitamin premix provided the following per kg of diet: vitamin A, 5,510 IU; vitamin D3, 1,100
IU; vitamin E, 11 IU; vitamin By,, 0.01 mg; riboflavin, 4.4 mg; niacin, 44.1 mg; d-pantothenic
acid, 11.2 mg; choline, 191.3 mg; menadione sodium bisulfate, 3.3 mg; folic acid, 5.5 mg;
pyridoxine HCI, 4.7 mg; thiamin, 2.2 mg; d-biotin, 0.11 mg; and ethoxyquin, 125 mg.

Trace mineral premix provided the following in mg per kg of diet: Mn, 60; Zn, 50; Fe, 30; I,
1.5; and Se 0.5.

SCalculated analysis was based on Dale (2001).
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full fed, standard restricted, concave restricted and convex restricted. The standard feed
restriction program followed the feeding recommendations of the primary breeder for each
genetic line. The concave feed restriction program provided the cockerels with 3 to 13 percent
less feed than the standard feed restriction program from 4 through 20 weeks of age (Table 4.2)
while the convex feeding program provided the cockerels 2 to 13 percent more feed than the
standard feed restriction program from 4 through 20 weeks of age (Table 4.2). Although the
newly developed Cobb MX meat strain is related to the Cobb 500 strain, it is a larger bird and
thus the Cobb MX cockerels were fed 3.5 to 5.7 percent more feed from 3 to 21 weeks of age
(Table 4.2). From 3 through 20 weeks of age the cockerels that were on the standard, concave
and convex feed restriction programs were fed on a skip a day basis. After the rearing period
concluded at the end of 20 weeks of age, the cockerels from each feed restriction program were
fed to maintain their target body weight until the experiment ended at 28 weeks of age.

A random selection of 25 percent of the birds from each pen was weighed every week to
monitor body weight progression of the cockerels on all the feeding programs. Over half of the
mortality in the full fed cockerels was associated with leg problems leading to immobility (data
not shown). In addition, there was also a high incidence (about 30% of the mortality) of sudden
deaths in the full fed cockerels, which may have been linked to heat attacks. In addition, based
on the weight of the cockerels fed on the standard feed restricted program, weekly feed
allocations were determined so that the body weight gain of these cockerels matched the
recommended guidelines of the primary breeder. All the cockerels were weighed at 7, 11, 15
and 20 weeks of age for subsequent statistical analyses of body weight between the different
genetic strains and feeding programs. All mortality was recorded on a daily basis throughout the

experiment.
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4.1.1 Testes and blood collection

Testes were collected at 6, 8, 11, 13, 15, 18, 21, 25, 26 and 28 weeks of age from 5
cockerels from each genetic strain on each feed restriction program except at 6 and 8 weeks of
age when testes were collected only from cockerels from the full fed and standard feed
restriction programs. The 5 cockerels chosen for each combination of genetic strain and feed
restriction program was based on the cockerels having body weights that reflected the body
weight profile of the given treatment pen. The selected cockerels were weighed and then killed
by cervical dislocation. The testes were quickly removed from each bird, cleaned of any
connective tissue, weighed and then placed in Davidson’s Fixative. Testis that weighed over 15
grams were sliced horizontally on the top and bottom at a depth of about one-third their total
height to ensure complete penetration of the Davidson’s Fixative. Collected testes from each
cockerel remained in the Davidson’s Fixative solution for 24 hours, were rinsed with 70 percent
(v/v) ethanol and then stored in 70 percent ethanol for subsequent further processing.

Blood samples were collected from a minimum of 5 cockerels from each genetic strain
and feed restriction combination every other week from 6-28 weeks of age, except at 6 and 8
weeks of age when blood samples were only collected from cockerels from the full fed and
standard feed restriction programs. The cockerels chosen for sampling from each combination of
genetic strain and feed restriction program was based on the cockerels having body weights that
reflected the body weight profile of the given treatment pen. Blood was collected from the
brachial vein of each cockerel, immediately placed into individual glass Vacutainer tubes
(Becton, Dickinson, and Co., Franklin Lakes, NJ) containing EDTA as an anticoagulant, and
stored on ice. Samples were then centrifuged at 1,000 x g at 4°C for 10 minutes. Plasma was

collected from each sample and frozen at —80°C for subsequent testosterone analysis.
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Table 4.2. Feed allotments per cockerel per day of cockerels reared on four different feed

restriction programs from 2 to 20 weeks of age (Experiment 1)'.

Feed restriction program and genetic strain

Standard Standard Concave Concave Convex Convex Full fed Full fed
Age Cobb Cobb Cobb Cobb Cobb Cobb Cobb Cobb

500 MX 500 MX 500 MX 500 MX
(week) (2
3 55 58 55 58 55 58 160 155
4 55 58 53 56 56 59 157 152
6 55 58 53 56 58 61 274 263
7 56 59 54 57 60 62 235 164
8 58 61 54 57 63 65 310 292
9 60 63 55 58 66 69 233 262
10 62 65 56 59 69 72 294 262
11 64 67 57 60 72 75 329 318
12 66 69 58 61 74 78 331 325
13 68 71 59 62 76 80 338 449
14 70 73 61 64 78 82 328 349
15 72 75 63 66 80 84 415 472
16 74 77 65 68 82 86 389 329
17 77 80 68 71 85 &9 314 297
18 81 84 72 75 88 92 453 365
19 86 89 79 82 93 97 459 377
20 93 97 86 89 98 102 513 404

'The weekly feed allotment values for the full fed cockerels fluctuate from week to week
because they reflect the amount of feed added to the automatic feeder system. There were weeks
when less feed was added than the previous week because feed was left over from the previous
week. This experiment was also conducted during the summer and there were times when the
capacity of the evaporative cooling system to keep the rearing room temperature in the thermal
neutral comfort zone of the very large body weight cockerels on the full fed treatment was

exceeded and thus feed consumption decreased.
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4.1.2 Seminiferous tubule diameter and epithelium height

A cross section of each testis that had been stored in 70 percent ethanol was cut
processed, and embedded in paraffin. A 4-5 micron cross section was then sectioned from the
paraffin block and stained with Hematoxilyn and Eosin. Samples were then examined by light
microscopy. One stained testis cross section for each of the 5 cockerels from each genetic strain
and feed restriction program combination was used to determine seminiferous tubule diameter
and seminiferous epithelium height at 22, 24, 26 and 28 weeks of age. A total of 5 representative
seminiferous tubules per slide were used to determine seminiferous diameter and epithelial
height. The diameter of each of the 5 tubules was determined by averaging a top to bottom and a
side to side measurement taken directly across the center of the tubule from the outer most edges
of the tubule. The calculated diameter for each of the 5 tubules was then averaged to obtain a
value for each cockerel. The epithelial height measurement for each tubule was based on
averaging three individual measurements that were taken from the outer most edge of the
seminiferous tubule to the luminal opening of the tubule. The calculated epithelial height for
each of the 5 tubules was then averaged to obtain a value for each cockerel. Morphological
indices were determined using computer-aided light microscopy (10x magnification of the

objective lens) image analysis.

4.2. Experiment 2

At twenty one weeks of age, 88 cockerels (44 Cobb 500 and 44 Cobb MX) from each of
the standard, concave and convex feeding programs were removed from the rearing pens
(Experiment]) and placed into individual suspended battery cages measuring 56 cm high by 56

cm long and 41 cm wide. Each cage was equipped with a nipple drinker and a trough feeder.



28

The 44 cockerels selected for each genetic strain and feed restriction program combination were
chosen so that they reflected the body weight distribution profile of the entire population of
cockerels for each treatment at 20 weeks of age in Experiment 1. The cockerels were
photostimulated at 22 weeks of age by providing 14 hours of light per day. The cockerels were
fed a standard laying diet (Table 4.1) that would normally be used when roosters are housed with
broiler breeder females during egg production. From 22 through 65 weeks of age the roosters
were fed on a daily basis to maintain target body weight established in Experiment 1 for each
genetic strain and feed restriction program (Table 4.3). All of the roosters were individually
weighed at 22, 23, 24, 25, 26, 27, 28, 29, 30, 32, 34, 36, 38, 40, 42, 45, 50, 55 and 60 weeks of
age to monitor the body weight progression of the roosters on all the feeding programs. In
addition, the weight of the roosters fed on the standard feed restricted program was used to
determine weekly feed allocations so that the body weight gain of these roosters matched the
recommended guidelines of the primary breeder.

Blood samples were taken from 20 of the 44 roosters in each treatment group at 23.5,
25.5,27.5,31, 35, 41, 46, 51, 56, 61 and 65 weeks of age. The 20 roosters for each treatment
group were selected based on body weight such that the body weight profile was the same for
this subset of birds as the whole population and that all statistical differences in body weight for
the roosters that existed among the genetic strains and feeding programs at 22 weeks for the
whole population also existed for this population subset. The same 20 roosters for each
treatment were used for blood sampling throughout the experiment. Blood samples were
collected between 1100 and 1330 hours at each collection date. Blood was collected and

processed as previously described for Experiment 1.
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Semen samples were collected from all of the roosters at 46, 51, 56, 61 and 65 weeks of

age for sperm mobility determinations. Sperm mobility was determined as previously described

(Froman and Feltmann 1998, Froman et al., 1999).

Table 4.3. Feed allotments per rooster per day of cockerels reared on three different feed

restriction programs from 21 to 65 weeks of age (Experiment 2).

Feed restriction program and genetic strain

Standard Standard Concave Concave Convex Convex

Age Cobb 500 CobbMX Cobb 500 CobbMX Cobb500 CobbMX
(week) ®)

21 93 97 86 89 98 98
22-23 96 100 90 93 100 103

24 — 28 99 102 93 96 102 105

29 -30 99 102 98 100 99 102
31-32 99 102 98 100 99 101

33 98 101 97 99 98 101

34 -35 98 100 98 100 98 100
36-65 100 102 100 102 100 102

4.3. Total testosterone RIA

Plasma total testosterone was determined by RIA using the Coat-A-Count Total

Testosterone Kit (Diagnostic Products Corporation, Los Angeles, CA) following the

manufacturer’s protocol. The RIA samples were counted with a Wallac Wizard 1470 gamma

counter (Perkin-Elmer, Waltham, MA). The mean interassay and intraassay CV for both assays

were less than 10.
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4.4. Two-Site Dimeric Inhibin-A and Inhibin-B ELISAs

Based on sperm mobility measurements obtained at 46, 51, 56, and 61 weeks of age from
the roosters in Experiment 2, a high and low sperm mobility group of roosters were selected.
Nineteen low mobility roosters were selected based on having sperm mobility absorbance values
less than 0.186 when measured at 46, 51, 56 and 61 weeks of age. The overall (46 to 61 weeks
of age) mean + SEM sperm mobility absorbance value at 550 nm for the 19 roosters was 0.085 +
0.006 with a range of 0.036 to 0.150. Twenty high mobility roosters were selected based on
having sperm mobility absorbance values greater than 0.4 when measured at 46, 51, 56 and 61
weeks of age. The overall (46 to 61 weeks of age) mean + SEM sperm mobility absorbance
value at 550 nm for the 20 roosters was 0.556 £+ 0.014 with a range of 0.454 to 0.691. To
determine if plasma inhibin levels are correlated with sperm mobility a two-site dimeric inhibin-
A, 96-well plate ELISA kit (DSL-10-28100) and a two-site dimeric inhibin-B, 96-well plate
ELISA kit (DSL-10-84100) (Diagnostic Systems Laboratories Inc., Webster, Texas) were
utilized to measure dimeric inhibin A and B respectively, in plasma samples obtained at 61
weeks of age from the low and high mobility roosters. Procedures for the dimeric ELISAs were
performed following the manufacturer’s protocols. The plates were analyzed with a Victor 3

plate reader (Perkin-Elmer, Waltham, MA).

4.5. Statistical analyses

Data were subjected to ANOVA using the General Linear Model procedure with genetic
strain and feed restriction program as factors. Tukey’s multiple-comparison procedure (Neter et
al., 1990) was used to detect significant differences among the different feed restriction

programs. All statistical procedures were done with the Minitab Statistical Software package



31

(Release 13, State College, PA). Differences were considered significant when P-values were <

0.05.
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Chapter 5
RESULTS
5.1 Experiment 1

The body weight profiles (Figure 5.1) based on weighing a random sample of 25 percent
of the cockerels in each feed restriction program and genetic strain combination during the
rearing period from 3 through 20 weeks of age indicated the rapid body weight gain for the full
fed cockerels relative to the feed restricted cockerels. When all of the cockerels were weighed at
11, 15 and 20 weeks of age the body weights of the cockerels fed on the four different feed
restriction programs all differed (Table 5.1). Given that the feed restricted Cobb MX males were
fed 3.5 to 5.7 percent more than the Cobb 500 males it is not surprising that overall these
cockerels weighed more at 7, 15 and 20 weeks of age (Table 5.1). However, this difference in
body weight between the two genetic strains was not observed in the full fed cockerels or in the
convex restricted cockerels at 7, 11, 15 and 20 weeks of age (Table 5.1). The difference in body
weight between the full fed and feed restricted cockerels was maintained in the 5 cockerels used
for testes collection for each treatment at 21, 25, 26 and 28 weeks of age (Table 5.2)

For both genetic strains of cockerels the percent cumulative mortality for the full fed
cockerels through 20 weeks of age was more than double that of the cockerels in any of the other
fed restriction programs (Table 5.3). The overall mortality across treatments through 20 weeks
of age was 7% higher for the Cobb 500 genetic strain than the Cobb MX strain of cockerels
(Table 5.3).

Testes growth and development occurred at an earlier age in the full fed cockerels than

any of the other feed restriction programs (Tables 5.4 — 5.7). Testes weight relative to body
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weight was significantly greater in the full fed cockerels compared to the standard fed cockerels

from 8 to 25 weeks of age (Tables 5.4 and 5.5). Testes weight in the cockerels from the

Figure 5.1. Body weight of two genetic strains of broiler breeder cockerels reared on four
different feed restriction programs from 4 to 20 weeks of age. The body weight profile of the
cockerels from all four feed restriction programs (A) and the body weight profile of the cockerels
excluding the cockerels from the full fed feeding program (B). Abbreviations: std = standard
feed restriction, con = concave feed restriction program, cvx = convex feed restriction program,
ff = full fed feed restriction program, 500 = Cobb 500 genetic strain, and MX = Cobb MX

genetic strain.
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Table 5.1. Body weight of two genetic strains of broiler breeder cockerels reared on four

different feed restriction programs (Experiment 1).'

35

Age (week)
Feed restriction Genetic 7 11 15 20
program strain
(g

Standard Cobb 500 1212412 1660+ 19 2006 +30 2531+ 42
Standard Cobb MX 1250 + 12*% 1735 £ 20* 2139 £32% 2669+ 48*
Concave Cobb 500 1188+ 12  1553+17 1840 £28 2264+ 38
Concave Cobb MX 1221 £ 11*% 1645 + 16* 1954 £29*% 2448 + 39*
Convex Cobb 500 1233+£13 1783 +23 2241435 2798+ 50
Convex Cobb MX 1283 + 13* 1811 +21 2303+29 2901+ 39
Full fed Cobb 500 2589+ 31 5488 +46 6139 +87 7295+ 155
Full fed Cobb MX 2658 £30 5405 +45 6367+82 7258+ 108
Standard 1231+ 8% 1698 + 14° 2074 £22° 2600+ 32°
Concave 1205+ 8 1599 + 12¢ 1898 £ 209 2359+ 28¢
Convex 1258+ 9° 1797 +15° 2274 +23% 2853+ 32°
Full fed 2625+ 21% 5443 +£32° 6256 £ 60° 7275+ 93°

Cobb 500 1534+26 2466+ 71 2803+80 3132+ 87

Cobb MX 1592 £27* 2577 + 68 20254+ 79% 3262+ 81*

*Significantly different from the corresponding value for the Cobb 500 strain at a given age, P <

0.05.

*UFeeding program values for a given week without a common superscript differ; P < 0.05.

'"Values are means = SEM, n = 150 cockerels for each feeding program and genetic strain

combination, n = 300 cockerels for each feeding program and n = 600 cockerels for each genetic

strain.



Table 5.2. Body weight of two genetic strains of broiler breeder cockerels reared on four different feed restriction programs

(Experiment 1)."

Age (week)
Feed restriction Genetic 21 25 26 28
program Strain
(g)

Standard Cobb 500 2510+ 132 3580 +223 3186 +£239 3687 + 362
Standard Cobb MX 2718 £299 3592 + 196 3707 £255 3660 + 287
Concave Cobb 500 2220+£295 32894203 3140 +£254 3176 £279
Concave Cobb MX 2337 +257 3506+215 3204 +£217 3351 +£196
Convex Cobb 500 2767 +334 3857 +278 3646 +378 3709 + 244
Convex Cobb MX 2029 +£271 3721+ 306 3701 £237 3865+ 342
Full fed Cobb 500 6692 £ 720 7778 +515 7320+ 132 7638 + 442
Full fed Cobb MX 6872 +291 7614 +274 7402 £267 7293 + 354
Standard 2614+ 158° 3586+ 140° 3447 +186° 3674 +218°
Concave 2278 £ 185° 3398 +144° 3172+ 158° 3264 +163°
Convex 2848 £204° 3789+ 196° 3674 +211° 3787 +200°
Full fed 6782 £367° 7696 +276% 7361 £ 141* 7465 +281°

Cobb 500 3547 £463  4652+430 4323 4418 4552 + 440

Cobb MX 3714+ 440 4608 + 415 4504 + 403 4398 +370

**Feeding program values for a given week without a common superscript differ; P < 0.05.

'"Values are means = SEM, n = 5 cockerels for each feeding program and genetic strain combination, n = 10 cockerels for each feeding

program and n = 20 cockerels for each genetic strain.
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Table 5.3. Cumulative mortality of two genetic strains of broiler breeder cockerels reared on four different feed restriction programs

from 3 to 20 weeks of age (Experiment 1).

Age Feed restriction program and genetic strain Feed restriction program Genetic strain
Stan- Stan- Con- Con- Con- Con-  Full Full Stan- Con- Con-  Full Cobb  Cobb
dard dard cave cave vex vex fed fed dard cave vex fed 500 MX

Cobb Cobb Cobb Cobb Cobb Cobb Cobb Cobb

(week) 500 MX 500 MX 500 MX 500 MX
%

1 1 1 1 0 3 2 3 1 1 1 2 2 3 2
2 1 1 1 0 3 2 4 1 1 1 3 3 3 2
3 3 1 1 0 3 2 5 2 2 1 3 4 4 2
4 3 1 2 0 3 2 6 3 2 1 3 4 5 2
5 3 2 2 0 3 2 6 3 3 1 3 4 5 2
6 5 4 2 0 4 2 9 5 5 1 3 7 7 4
7 5 4 2 0 4 2 10 5 5 1 3 8 7 4
8 9 7 2 0 7 2 15 9 8 1 4 12 11 6
9 9 7 2 0 7 3 17 9 8 1 5 13 12 6
10 9 7 3 0 7 3 19 9 8 1 5 14 13 6
11 12 11 6 4 11 6 23 13 12 5 8 18 18 11
12 13 11 6 4 11 6 27 17 12 5 8 22 19 12
13 16 14 9 7 16 9 33 24 15 8 13 29 25 18
14 17 15 9 7 16 9 34 28 16 8 13 31 26 20
15 21 19 15 11 19 13 40 37 20 13 16 38 32 26
16 22 21 17 13 19 13 49 43 22 15 16 46 35 30
17 22 23 17 13 19 13 52 49 23 15 16 51 37 33
18 26 27 22 17 23 16 67 59 26 19 20 63 46 39
19 26 28 24 17 24 16 67 60 27 21 20 64 47 40
20 26 28 24 18 25 16 71 63 27 21 21 67 49 42




Table 5.4. Testes weight as a percent of body weight during the early rearing period for two genetic strains of broiler

breeder cockerels reared on four different feed restriction programs (Experiment 1).'

Age (week)
Feed Genetic 6 8’ 11 13 15
restriction Strain
program
[total testes weight (g)/total body weight (g)]*100

Standard Cobb 500  0.011 +0.001 0.013 + 0.001 0.014+0.002  0.014+0.002  0.015+ 0.003
Standard CobbMX  0.013 £0.001 0.014 + 0.001 0.012 + 0.001 0.014+0.002  0.010+0.001
Concave Cobb 500 0.016 £0.002  0.012+0.001 0.013 + 0.002
Concave Cobb MX 0.012 £ 0.001 0.014 + 0.002 0.013 £ 0.001
Convex Cobb 500 0.016+0.002  0.013+0.002  0.011 +0.001
Convex Cobb MX 0.012+0.002  0.014 +0.001 0.021 + 0.003*
Full fed Cobb 500  0.018+£0.002  0.014 + 0.001 0.032+0.006  0.042+0.016  0.091+0.019
Full fed CobbMX  0.021 £0.003  0.034+0.006 0.036+0.010  0.146+0.064  0.298 + 0.029*
Standard 0.014 + 0.001 0.012+0.001°  0.013+0.001° 0.014+0.001° 0.012+0.001°
Concave 0.014+0.001°  0.013+0.001° 0.013 +0.001°
Convex 0.014 +0.001°  0.014+0.001°  0.016 + 0.002°
Full fed 0.018+0.002  0.020+0.001*  0.034+0.005*  0.094+0.035* 0.194 + 0.038"

Cobb 500  0.016 + 0.001 0.015+0.002  0.017+£0.002  0.020+0.005  0.032 +0.009

CobbMX  0.017+0.002  0.017+0.002  0.020+0.004  0.047+0.020  0.085 = 0.029*

*Significantly different from the corresponding value for the Cobb 500 strain at a given age, P < 0.05.

“PFeeding program values for a given week without a common superscript differ; P < 0.05.
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'Values are means + SEM, n = 5 cockerels for each feeding program and genetic strain combination, n = 10 cockerels for each feeding
program and n = 20 cockerels for each genetic strain.

At 6 and 8 weeks of age, testes samples were only collected from the standard and full fed restricted treatments.



40

Table 5.5. Testes weight as a percent of body weight during the late rearing period for two genetic strains of broiler breeder cockerels

reared on four different feed restriction programs (Experiment 1).'

Age (week)
Feed Genetic 18 21 25 26 28
restriction strain
program
[total testes weight (g)/total body weight (g)]*100

Standard Cobb 500  0.013 +0.001 0.015+0.002  0.519 +0.081 0.416+0.102  0.861 +0.047
Standard CobbMX  0.012+£0.002  0.024+0.007  0.434+0.091 0.872 + 0.069*  0.902 + 0.094
Concave Cobb 500  0.012+£0.000  0.034+0.016 0257+0.046  0.625+0.044  0.649 +0.134
Concave CobbMX  0.014 +0.001 0.024 +0.004  0.562+0.147  0.771+0.112  0.861 + 0.087
Convex Cobb 500  0.017+0.003  0.040+0.014  0.537+0.073  0.669+0.022  0.684 +0.101
Convex CobbMX  0.014+0.002  0.029+0.009  0510+0.119  0.849+0.119  0.888+0.104
Full fed Cobb 500  0.563+0.098  0.567+0.155  0.759+0.037  0.632+0.022  0.777 £ 0.041
Full fed CobbMX  0.661 +£0.033  0.760+0.018  0.810+0.088  0.874+0.093*  0.680 + 0.026
Standard 0.012+0.001°  0.019+0.004° 0.477+0.059° 0.644+0.095  0.882 + 0.050
Concave 0.013+0.001°  0.029+0.008° 0410+0.089° 0.698+0.062  0.755+ 0.083
Convex 0.015+0.002°  0.034+0.008° 0.524+0.066° 0.759+0.064  0.786 + 0.076
Full fed 0.572+0.061°  0.664 +0.088*  0.785+0.046° 0.766+0.065  0.734 +0.030

Cobb 500  0.151+£0.059  0.164+0.064  0.518+0.050  0.583+0.036  0.743 = 0.045

CobbMX  0.155+0.060 0209+0.075  0.579+0.062  0.841+0.047*  0.841 + 0.045

*Significantly different from the corresponding value for the Cobb 500 strain at a given age, P < 0.05.

“PFeeding program values for a given week without a common superscript differ; P < 0.05.
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'Values are means + SEM, n = 5 cockerels for each feeding program and genetic strain combination, n = 10 cockerels for each feeding

program and n = 20 cockerels for each genetic strain.
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standard, concave and convex feeding programs did not start increasing until 21 weeks of age,
but once the weight of the weight of the testes started to increase the rate of increase was quicker
than had been seen in the full fed cockerels (Tables 5.4 and 5.5). Testes weight was consistently
and sometimes significantly (week 15 and 25) greater for the Cobb MX males than the Cobb 500
males (Tables 5.4 and 5.5). Based on seminiferous tubule diameter and seminiferous epithelium
height, seminiferous tubule development was more advanced in the full fed cockerels at 21
weeks of age than in the cockerels from the other feed restriction programs (Table 5.6). Once
seminiferous epithelium height no longer differed between the cockerels fed on the different feed
restriction programs at 26 and 28 weeks of age the seminiferous epithelium height in Cobb MX
males was greater than in Cobb 500 males (Table 5.7). Seminiferous tubule diameter was
smaller in the Cobb MX standard feed restricted roosters than in the corresponding Cobb 500
males (Table 5.7).

Total plasma testosterone concentrations were below detectable levels (20 ng/dL) in the
cockerels from both genetic strains and across all the feed restriction programs at 6 weeks of age
(Table 5.8). Full fed Cobb MX cockerels started to have detectable plasma testosterone levels at
8 weeks of age followed by full fed Cobb 500 cockerels at 12 weeks of age (Table 5.8). MX
cockerels from the standard, concave and convex feed restriction programs had detectable levels
of plasma total testosterone at 22 weeks of age (Table 5.9). Cobb 500 cockerels from the
standard and convex feed restriction programs had detectable testosterone levels at 24 weeks of
age (Table 5.9). For the Cobb 500 cockerels on the concave feed restriction program

testosterone was first detected at 28 weeks of age (Table 5.9).
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Table 5.6. Seminiferous tubule diameter and epithelium height at 21 and 25 weeks of age in two
genetic strains of broiler breeder cockerels reared on four different feed restriction programs

(Experiment 1)."

Age (week)
Feed restriction Genetic 21 25
program strain
Diameter Height Diameter Height
(um)
(pm)
Standard Cobb 500 24+ 1 101 111+ 7 26+ 1
Standard Cobb MX 26+ 4 11+£2 102+ 13 27+3
Concave Cobb 500 31+ 6 13+£2 &2+ 6 2542
Concave Cobb MX 27+ 3 12+1 91+ 10 2342
Convex Cobb 500 33+ 7 14+2 103+ 9 2043
Convex Cobb MX 30+ 5 12+1 102+ 10 2742
Full fed Cobb 500 111 +£18 32+5 1334+ 4 33+£2
Full fed Cobb MX 125+ 3 33+0 133+ 6 35+1
Standard 25+ 2° 11+1° 106+ 8  26+1°
Concave 29+ 3° 12+1° 86+ 5°  24+1°
Convex 32+ 4° 13+£1° 103+ 6°  28+2°
Full fed 116 +11° 32 + 3% 133+ 3% 34 +1°
Cobb 500 49+ 9 17+£2 106+ 5 28 +1
Cobb MX 45+ 9 15£2 107+ 6 28 £ 1

**Feeding program values for a given week without a common superscript differ; P < 0.05.
'Values are means + SEM, n = 5 cockerels for each feeding program and genetic strain
combination, n = 10 cockerels for each feeding program and n = 20 cockerels for each genetic
strain. For each individual cockerel the diameter and height values are based on measurements

from 5 duplicate tubules from a testicular cross section.
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Table 5.7. Seminiferous tubule diameter and epithelium height at 26 and 28 weeks of age in two

genetic strains of broiler breeder cockerels reared on four different feed restriction programs

(Experiment 1)."

Age (week)
Feed restriction Genetic 26 28
program strain
Diameter Height Diameter Height
(11
(pm)
Standard Cobb 500 9% + 6 26+2 132 +2 35+1
Standard Cobb MX 111+ 5 31+2 114 £ 3* 3242
Concave Cobb 500 106+ 5 30+2 106 £9 2742
Concave Cobb MX 130 +£ 10* 36+ 2% 124+ 6 36+ 2%
Convex Cobb 500 109+ 5 30+ 1 110+ 8 31+2
Convex Cobb MX 112+ 5 30+£3 127+5 37+ 1%
Full fed Cobb 500 126+ 3 33+£2 128 £ 6 33+£2
Full fed Cobb MX 123+ 5 33+0 141 £ 8 38+4
Standard 104+ 4° 2942 123 + 3% 33+ ]
Concave 118+ 6®  33+2 115+ 6° 3242
Convex 111+ 3®  30+1 119 + 5° 34+ 1
Full fed 124 + 3° 3341 134 + 5° 35+2
Cobb 500 109+ 3 30+ 1 119+4 31+1
Cobb MX 119+ 4* 334 1% 127 +3 36+ 1*

*Significantly different from the corresponding value for the Cobb 500 strain at a given age, P <

0.05.

a'bFeeding program values for a given week without a common superscript differ; P < 0.05.

'Values are means + SEM, n = 5 cockerels for each feeding program and genetic strain

combination, n = 10 cockerels for each feeding program and n = 20 cockerels for each genetic

strain. For each individual cockerel the diameter and height values are based on measurements

from 5 duplicate tubules from a testicular cross section.
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Table 5.8. Total plasma testosterone concentration during the early rearing period for two genetic strains of broiler breeder cockerels

reared on four different feed restriction programs (Experiment 1).'

Age (week)
Feed Genetic 6 8 10 12 14 16
restriction  strain
program

ng/dL n° ng/dL n’ ng/dL n’ ng/dL n’ ng/dL n’ ng/dL n’
Standard Cobb 500 n.d. 0/5 n.d. 0/5 n.d. 0/5 n.d. 0/5 n.d. 0/5 n.d. 0/5
Standard CobbMX n.d. 0/5 n.d. 0/5 n.d. 0/5 n.d. 0/5 n.d. 0/5 n.d. 0/5
Concave  Cobb 500 n.d. 0/5 n.d. 0/5 n.d. 0/5 n.d. 0/5 n.d. 0/5 n.d. 0/5
Concave CobbMX n.d. 0/5 n.d. 0/5 n.d. 0/5 n.d. 0/5 n.d. 0/5 n.d. 0/5
Convex Cobb 500 n.d. 0/5 n.d. 0/5 n.d. 0/5 n.d. 0/5 n.d. 0/5 n.d. 0/5
Convex CobbMX n.d. 0/5 n.d. 0/5 n.d. 0/5 n.d. 0/5 n.d. 0/5 n.d. 0/5
Full fed Cobb 500 n.d. 0/5 n.d. 0/5 n.d. 0/5 25+ 0 1/10 83+19 &/10 84 +19 13/15
Full fed CobbMX n.d. 0/5 20+6 3/5 30+ 18 2/5 5110 5/10 140+25 10/10 167+31" 15/15
Standard nd. 0/10 n.d. 0/10 n.d. 0/10 n.d. 0/10 n.d. 0/10 n.d. 0/10
Concave nd. 0/10 n.d. 0/10 n.d. 0/10 n.d. 0/10 n.d. 0/10 n.d. 0/10
Convex nd. 0/10 n.d. 0/10 n.d. 0/10 n.d. 0/10 n.d. 0/10 n.d. 0/10
Full fed nd. 0/10 29+6 3/10 39+18 3/10 47+10 6/20 114+18 18/20 128+19 28/30

Cobb 500 n.d. 0/20 n.d. 0/20 n.d. 020 25+0 1/25 83+19 9/25 84+ 19 13/30

CobbMX nd. 020 29+6 3/20 39+18 3/20 51+10 525 140+£25 1025 167+31  15/30

*Significantly different from the corresponding value for the Cobb 500 strain at a given age, P < 0.05.

'Values are means + SEM.
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*The number of roosters for a given feed restriction program and /or genetic strain with plasma total testosterone concentrations above

the lowest RIA standard concentration of 20 ng/dL.



Table 5.9. Total plasma testosterone concentration during the late rearing period for two genetic strains of broiler breeder cockerels
reared on four different feed restriction programs (Experiment 1)."

Age (week)
Feed Genetic 18 20 22 24 26 28
restriction  strain
program
ng/dL n’ ng/dL n’ ng/dL n’ ng/dL n’ ng/dL n’ ng/dL n’
Standard Cobb 500 n.d. 0/5 n.d. 0/10 n.d. 0/5 41+ 3 2/5 56+ 0 1/5 125+ 28 4/5
Standard Cobb MX n.d. 0/5 n.d. 0/10 20+ 0 1/5 31+ 3 2/5 50422 3/5 303+ 88 4/5
Concave Cobb 500 n.d. 0/5 n.d. 0/10 n.d. 0/5 n.d. 0/5 n.d. 0/5 101+ 0 1/5
Concave Cobb MX n.d. 0/5 n.d. 0/10 27+ 5 2/5 472+ 0 1/5 189+ 91 3/5 423 + 266 5/5
Convex Cobb 500 n.d. 0/5 n.d. 0/15 n.d. 0/10 76+ 39 3/5 161 £ 83 2/5 171+ 44 5/5
Convex Cobb MX n.d. 0/5 n.d. 0/15 53+18 5/10 163 +94 4/5 247 + 79 2/5 261+ 77 5/5
Full fed Cobb 500 149+13  23/25 199433 13/15 189+ 58 9/10 218 +65 5/5 250 + 65 5/5 473+ 21 5/5
Full fed Cobb MX 196+ 17* 23/25 173428 14/15 228 +62 8/10 395+ 89 5/5 328 +33 5/5 398+ 70 5/5
Standard n.d. 0/10 n.d. 0/10 20+ 0 1/10 37+ 3° 410 51+15° 410 214+ 55 8/10
Concave n.d. 0/10 n.d. 0/10 27+ 5° 2/10 472+ 0 1/10 189 +£91? 3/10 369 +224% 6/10
Convex n.d. 0/10 n.d. 0/10 53+18 520 125+55°  7/10 204+53*  4/10 216+ 44°  10/10
Full fed 172 +14  46/50 186+24 27/30 209 +£41* 17/20 307 +59* 10/10 289+37* 10/10 435+ 37° 10/10
Cobb 500 149+13  23/40 199433 13/30 189+ 58 9/30 140 +41 10/20 204 +£49 8/20 255+ 45 15/20
CobbMX 196+ 17* 23/40 173+28 14/30 135+ 39 16/30 263 £54* 12/20 219439 14/20 349+ 73 19/20

*Significantly different from the corresponding value for the Cobb 500 strain at a given age, P < 0.05.

a'dFeeding program values for a given week without a common superscript differ; P < 0.05.

'Values are means + SEM.

The number of roosters for a given feed restriction program and /or genetic strain with plasma total testosterone concentrations above

the lowest RIA standard concentration of 20 ng/dL.
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5.2 Experiment 2

The roosters were photostimulated at 22 weeks of age and fed from this point to the end
of the experiment to maintain the relative differences in body weight established during the
rearing phase through the differing feed restriction programs. Overall differences in body weight
were maintained throughout much of the experiment (Figure 5.2). In particular, the difference
between the body weight of the concave and convex roosters was maintained through 36 weeks
of age (Tables 5.10-5.13). Cobb MX roosters which were fed 2 to 5 percent more feed than the
Cobb 500 roosters weighed more than the Cobb 500 roosters throughout the entire experiment
(Tables 5.10 — 5.14). Cumulative mortality through 65 weeks of age was more than double for
the Cobb 500 versus the Cobb MX roosters that were reared on the concave feed restriction
program (Table 5.15). Overall the Cobb 500 roosters had a livability of 85 percent versus 92
percent for the Cobb MX roosters (Table 5.15).

Plasma total testosterone at 23.5 weeks of age or a week and a half after photostimulation
was higher in the roosters that had been reared on the convex feed restriction program compare
to the roosters fed on the concave feed restriction program (Table 5.16). Total plasma
testosterone at 23.5 weeks of age for the roosters fed on the standard breeder feed restriction
guidelines was intermediate to the roosters from the other two feed restriction programs (Table
5.16). Plasma total testosterone levels peaked and remained high for the roosters from all three
feed restriction programs in the nine weeks (22 to 31 weeks of age) following photostimulation
(Table 5.16). Subsequently, plasma total testosterone values declined in the roosters from all
three feeding regimens (Tables 5.17 and 5.18). More importantly, there was a sharp decline in
the percentage of roosters with detectable levels of plasma total testosterone from 90 percent at

25.5 weeks of age to less than 50 percent at 41, 46 and 51 weeks of age (Table 5.16 and 5.17).
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Figure 5.2. Body weight from 22 through 60 weeks of age of two genetic strains of broiler

breeder cockerels reared on four different feed restriction programs. Abbreviations: std =

standard feed restriction, con = concave feed restriction program, cvx = convex feed restriction

program, 500 = Cobb 500 genetic strain, and MX = Cobb MX genetic strain.
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Table 5.10. Body weight of two genetic strains of broiler breeder roosters from 22 to 25 weeks

of age reared on three different feed restriction programs (Experiment 2).'

Age (week)
Feed restriction Genetic 22 23 24 25
program strain
(2

Standard Cobb 500 2876 + 67 3043 + 67 3143 + 67 3331 £ 65
Standard Cobb MX 3067 £ 71* 3265+ 71%* 3355+ 68* 3590+ 66*
Concave Cobb 500 2680 + 58 2872 + 58 2965 + 58 3196 + 55
Concave Cobb MX 2799 + 62 2994 + 62 3099 + 60 3340 + 57
Convex Cobb 500 3070 £ 75 3290+ 72 3333+ 70 3536 + 68
Convex Cobb MX 3216 £ 76 3424 + 76 3505+ 72 3730+ 71*
Standard 2970 +50° 3152 +50° 3249 +49° 3461 +48°
Concave 2740 £ 43° 2934 + 43¢ 3033 +42° 3268 + 40°
Convex 3142 + 54° 3356 + 52° 3419 + 51° 3633 + 50°

Cobb 500 2874 + 41 3068 + 40 3148 + 40 3355+ 38

Cobb MX 3068 £43* 3223 4+ 43* 3319 +41* 3553 +40%*

* Significantly different from the corresponding value for the Cobb 500 strain at a given age, P <

0.05.

"“Feeding program values for a given week without a common superscript differ; P < 0.05.

'Values are means = SEM, n = 44 roosters for each feeding program and genetic strain

combination, n = 88 roosters for each feeding program and n = 132 roosters for each genetic

strain.



Table 5.11. Body weight of two genetic strains of broiler breeder roosters from 26 to 29 weeks

of age reared on three different feed restriction programs (Experiment 2).'

Age (week)
Feed restriction Genetic 26 27 28 29
program strain
€3]

Standard Cobb 500 3407+ 63 3553+ 65 3682+ 63 3781 +63
Standard Cobb MX 3650 £ 66% 3786 + 65* 3907 £ 67* 3997 + 68*
Concave Cobb 500 3267+59 3416+ 60 3511+ 60 3659 +56
Concave Cobb MX 3429 £ 59* 3513 +60 3661 + 55 3782 + 54
Convex Cobb 500 3576 £ 66 3724+ 66 3815+ 64 3899 + 64
Convex Cobb MX 3774 £ 69% 3909 + 68* 3996 + 68* 4074 + 65
Standard 3530 £47° 3673 £47° 3797 £ 48 3891 +47°
Concave 3349 £ 43° 3465 + 43° 3587 +41° 3722 +39°
Convex 3675 +£49*° 3816 + 48? 3906 + 48 3987 + 46°

Cobb 500 3419 +38 3567 +38 3672+37  3782+36

Cobb MX 3619 +£39% 3738 + 40* 3856 +39% 3952 4 37*

* Significantly different from the corresponding value for the Cobb 500 strain at a given age, P <

0.05.

"“Feeding program values for a given week without a common superscript differ; P < 0.05.

'Values are means = SEM, n = 44 roosters for each feeding program and genetic strain

combination, n = 88 roosters for each feeding program and n = 132 roosters for each genetic

strain.
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Table 5.12. Body weight of two genetic strains of broiler breeder roosters from 30 to 36 weeks

of age reared on three different feed restriction programs (Experiment 2).'

Age (week)
Feed restriction Genetic 30 32 34 36
program strain
€3]

Standard Cobb 500 3849+59 3912 +61 3980+ 60 3874+ 68
Standard Cobb MX 4044 + 68* 4146 + 71* 4194 + 73*% 4125+ 78%*
Concave Cobb 500 3728 £57 3880 +59 3949 + 61 3905+ 65
Concave Cobb MX 3837 + 53 3985+ 52 4090 + 55 4002 £ 102
Convex Cobb 500 3920+ 65 4068 + 78 4059 +73 4018+ 77
Convex Cobb MX 4100 + 65*% 4248 + 62 4333 £ 62* 4304+ 60*
Standard 3949 £ 46° 4032 + 48 4091 + 49% 4004 + 53%
Concave 3784 £39° 3934+ 39° 4020 +£41° 3954+ 61°
Convex 4010 £ 47*° 4158 +51° 4197 £50* 4163+ 51°

Cobb 500 3835+35  3956+39 3997 £38 3934+ 41

Cobb MX 3995 £ 37*% 4128 +37* 4207 £38* 4146+ 48*

* Significantly different from the corresponding value for the Cobb 500 strain at a given age, P <

0.05.

**Feeding program values for a given week without a common superscript differ; P < 0.05.

'Values are means = SEM, n = 44 roosters for each feeding program and genetic strain

combination, n = 88 roosters for each feeding program and n = 132 roosters for each genetic

strain.
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Table 5.13. Body weight of two genetic strains of broiler breeder roosters from 38 to 45 weeks

of age reared on three different feed restriction programs (Experiment 2).'

Age (week)
Feed restriction Genetic 38 40 42 45
program strain
€3]

Standard Cobb 500 3979 £ 68 4068 + 69 4129 + 71 4284 + 72
Standard Cobb MX 4218 + 80* 4286 + 82* 4349 + 82* 4496 + 81*
Concave Cobb 500 4064 +70 4158 +70 4231+ 68  4397+73
Concave Cobb MX 4251 £53* 4330+ 53* 4415 £51* 4544 +£50
Convex Cobb 500 4160+72  4233+73 4289+76 4352 +78
Convex Cobb MX 4420 + 58* 4499 + 58* 4558 £ 57% 4679 + 59*
Standard 4102 +£54° 4180+ 55° 4242 +55° 4392 +55
Concave 4159 + 45 4248 + 44 4326 + 43%° 4473 + 44
Convex 4292 +48* 4366 + 49° 4422 + 49* 4513 +£52

Cobb 500 4069 + 41 4154 + 41 4217 + 42 4343 + 43

Cobb MX 4297 +38% 4373 + 39* 4440 + 38% 4519 + 48*

* Significantly different from the corresponding value for the Cobb 500 strain at a given age, P <

0.05.

**Feeding program values for a given week without a common superscript differ; P < 0.05.

'Values are means = SEM, n = 44 roosters for each feeding program and genetic strain

combination, n = 88 roosters for each feeding program and n = 132 roosters for each genetic

strain.



Table 5.14. Body weight of two genetic strains of broiler breeder roosters from 50 to 60 weeks

of age reared on three different feed restriction programs (Experiment 2).'

Age (week)
Feed restriction Genetic 50 55 60
program strain
(2

Standard Cobb 500 4468 + 81 4566 + 79 4732+ 76
Standard Cobb MX 4611+ 75 4748 +£ 71 4855 + 74
Concave Cobb 500 4565 £ 77 4712 £ 71 4940 + 76
Concave Cobb MX 4768 + 52* 4867 + 57 5085 + 61
Convex Cobb 500 4505+ 78 4567 + 78 4732 £ 94
Convex Cobb MX 4790 + 54* 4890 + 48* 5037 £51*
Standard 4541 + 55 4660 + 54 4796 + 53°
Concave 4670 £ 47 4791 + 46 5017 + 49*
Convex 4646 + 50 4728 + 49 4889 + 55%

Cobb 500 4511 +£45 4614 + 44 4797 + 48

Cobb MX 4722 + 36* 4835+ 35% 4992 4+ 37*

* Significantly different from the corresponding value for the Cobb 500 strain at a given age, P <
0.05.

**Feeding program values for a given week without a common superscript differ; P < 0.05.
'Values are means = SEM, n = 44 roosters for each feeding program and genetic strain
combination, n = 88 roosters for each feeding program and n = 132 roosters for each genetic

strain.
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Table 5.15. Cumulative mortality from 21 to 65 weeks of age of two genetic strains of broiler

breeder cockerels that had been reared on four different feed restriction programs (Experiment

2).
Age Feed restriction program and genetic strain Feed restriction Genetic strain
program
Stan- Stan- Con- Con- Con- Con- Stan- Con- Con- Cobb Cobb
dard dard cave cave @ vex vex dard cave vex 500 MX

Cobb Cobb Cobb Cobb Cobb Cobb
(week) 500 MX 500 MX 500 MX

%
21 0 0 0 0 0 0 0 0 0 0 2
22 0 2 0 0 0 2 1 0 1 0 2
23 0 2 0 0 0 2 1 0 1 0 2
24 0 2 0 0 2 2 1 0 2 1 2
25 0 2 0 0 2 2 1 0 2 1 2
26 5 2 5 2 2 2 3 3 2 4 2
27 5 2 5 2 2 2 3 3 2 4 2
28 5 2 5 2 2 2 3 3 2 4 2
29 5 2 7 2 2 2 3 5 2 5 2
30 5 2 9 2 2 2 3 6 2 5 2
31 5 2 14 2 2 2 3 8 2 7 2
32 5 2 14 2 2 2 3 8 2 7 2
33 5 2 14 2 2 2 3 8 2 7 2
34 5 2 14 2 2 2 3 8 2 7 2
35 5 2 14 2 2 2 3 8 2 7 2
36 5 2 14 7 2 2 3 10 2 7 4
37 5 5 14 9 2 2 5 11 2 7 5
38 5 5 14 9 2 5 5 11 3 7 6
39 5 5 14 9 2 5 5 11 3 7 6
40 5 5 14 9 7 7 5 11 7 8 7
41 5 5 14 9 7 7 5 11 7 8 7
42 5 5 14 9 7 7 5 11 7 8 7
43 5 5 14 9 7 7 5 11 7 8 7
44 5 5 14 9 7 7 5 11 7 8 7
45 5 5 14 9 7 7 5 11 7 8 7
46 5 5 14 9 7 7 5 11 7 8 7
47 5 5 14 9 7 7 5 11 7 8 7
48 7 5 14 9 7 7 6 11 7 9 7
49 7 5 14 9 9 7 6 11 8 10 7
50 7 7 14 9 11 7 7 11 9 11 8
51 11 7 14 9 11 7 9 11 9 12 8
52 11 7 14 9 11 7 9 11 9 12 8
53 11 7 14 9 11 7 9 11 9 12 8
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Table 5.16. Total plasma testosterone concentration from 23.5 to 31 weeks of age for two genetic strains of broiler breeder cockerels

reared on three different feed restriction programs (Experiment 2).'

Age (week)
Feed Genetic 23.5 25.5 27.5 31
restriction  strain
program
ng/dL n’ ng/dL n’ ng/dL n’ Ng/dL n’
Standard  Cobb 500 167 £ 29 12/20 197 £ 21 17/20 186 + 26 17/20 146 + 29 15/20
Standard  Cobb MX 218 +33 16/20 273 £30*  20/20 295 £38*% 18/20 198 + 38 14/20
Concave  Cobb 500 130+ 24 17/20 198 + 25 17/20 239 +27 16/20 225+ 36 16/19
Concave  Cobb MX 160 + 26 19/20 246 + 26 19/20 213 +23 18/20 207 £ 20 20/20
Convex Cobb 500 154 +£22 18/20 226 + 34 16/20 182 +£25 18/20 185+28 17/19
Convex Cobb MX 269 £ 36*  16/20 324 +£29*%  19/20 191 £30  20/20 228 + 37 18/20
Standard 197 23 28/40 239 +20 37/40 242 +25  35/40 171 £24 29/40
Concave 146 + 18° 36/40 223 +18 36/40 225+ 18  34/40 215+ 19 36/39
Convex 208 +23° 34/40 279 +23 35/40 187+20  38/40 207 £ 23 35/39
Cobb 500 149 + 14 47/60 207 + 15 50/60 201 +15  51/60 186+ 18 48/58
Cobb MX 213+ 18*  51/60 281 +17*  58/60 231 +19  56/60 212+ 18 52/60

*Significantly different from the corresponding value for the Cobb 500 strain at a given age, P < 0.05.

“PFeeding program values for a given week without a common superscript differ; P < 0.05.

'Values are means = SEM.

*The number of roosters for a given feed restriction program and /or genetic strain with plasma total testosterone concentrations above

the lowest RIA standard concentration of 20 ng/dL.
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Table 5.17. Total plasma testosterone concentration from 35 to 51 weeks of age for two genetic strains of broiler breeder cockerels

reared on three different feed restriction programs (Experiment 2).'

Age (week)
Feed Genetic 35 41 46 51
restriction  strain
program
Ng/dL n’ ng/dL n’ ng/dL n’ Ng/dL n’
Standard  Cobb 500 164 + 32 8/20 138 £ 39 10/20 135+21 9/20 189+ 35 5/19
Standard  Cobb MX 139 +24 12/20 192 £ 111 6/20 174 £27 18/20 250 + 57 7/20
Concave  Cobb 500 117 £22 10/19 58+13 6/19 144 £ 24 9/19 147 + 30 5/19
Concave  Cobb MX 166 + 20 15/19 217 +£37*  10/19 125+ 31 8/18 129+ 24 9/18
Convex Cobb 500 155+ 40 7/19 108 + 30 6/19 87 + 34 4/19 102 + 37 7/18
Convex Cobb MX 178 +32 12/20 120 + 47 10/20 166 + 33 11/19 263 £46*  12/19
Standard 149 + 19 20/40 158 + 44 16/40 135+ 14 18/40 224 + 36 12/39
Concave 146 + 16 25/38 157 £ 37 16/38 135+ 19 17/37 136 £ 18 14/37
Convex 170 + 25 19/39 116 £ 30 16/39 145+ 27 15/38 204 + 37 19/37
Cobb 500 140 + 17 26/58 108 +21 22/58 130+ 15  22/58 141 £ 21 17/56
Cobb MX 161 £ 15 39/59 187 £33*  24/59 161 +£18  37/57 217 £27*  28/57

*Significantly different from the corresponding value for the Cobb 500 strain at a given age, P < 0.05.
'Values are means + SEM.
The number of roosters for a given feed restriction program and /or genetic strain with plasma total testosterone concentrations above

the lowest RIA standard concentration of 20 ng/dL.
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The percentage of roosters with detectable plasma total testosterone levels increased to over 70
percent at 56, 61 and 65 weeks of age (Table 5.18). Plasma total testosterone concentrations
were consistently and sometimes significantly (week 23.5, 25.5 and 51 of age) greater for the
Cobb MX males than the Cobb 500 males (Tables 5.16 and 5.17). Overall (23.5 through 65
weeks of age) plasma total testosterone concentration was greater in the Cobb MX males than
the Cobb 500 males (Table 5.18).

For the roosters which were fed on the standard feed restriction protocol, sperm mobility
was less in the Cobb MX roosters than the Cobb 500 roosters at each week of age it was
measured (Table 5.19). There were no differences in sperm mobility between on the Cobb MX
and 500 genetic strains of roosters that were reared on the concave or convex feed restriction
programs (Table 5.19). The roosters fed on a convex feed restriction program had less sperm
mobility at 46 and 51 weeks of age than the roosters fed on the concave feed restriction protocol
(Table 5.19).

Inhibin-A was not detected in any of the plasma samples collected at 61 weeks of age
from the high and low sperm mobility roosters (data not shown). There were no differences in
plasma inhibin-B concentrations between the Cobb 500 and MX strains of roosters and between
roosters with high and low sperm mobility or reared on different feed restriction programs (Table

5.20).
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Table 5.18. Total plasma testosterone concentration from 56 to 65 weeks of age and overall (23.5 to 65 weeks of age) for two genetic

strains of broiler breeder cockerels reared on three different feed restriction programs (Experiment 2).'

Age (week)
Feed Genetic 56 61 65 23.5to0 65
restriction  strain
program
ng/dL n’ ng/dL n’ Ng/dL n’ ng/dL n’
Standard  Cobb 500 157+ 18 15/18 141 +£27 14/18 127 £ 27 13/20 156 £ 12 20/20
Standard  Cobb MX 121 +20 15/20 120+ 16 15/20 146 + 27 15/20 198 + 12*  20/20
Concave  Cobb 500 78 £15 14/19 152 +£32 11/18 123+ 17 13/20 151+ 8 20/20
Concave  Cobb MX 141 +32% 13/18 172 £ 25 17/18 151 +20 17/20 183+ 14*  20/20
Convex Cobb 500 108 + 20 10/17 76 £ 18 10/17 96 £ 13 12/20 142 + 14 20/20
Convex Cobb MX 160 + 36 13/19 135+ 40 10/18 121 +33 14/20 211 +£16*  20/20
Standard 132+ 14 30/38 130+ 15 29/38 137+19  28/40 177+ 9 40/40
Concave 109 + 18 27/37 164 + 19 28/36 139+ 14  30/40 167+ 8 40/40
Convex 138 +23 23/36 105 +22 20/35 110+ 18  26/40 177 £12 40/40
Cobb 500 116 £ 11 39/54 126 £ 16 35/53 116 £12  38/60 150+ 6 60/60
Cobb MX 135+ 17 41/57 144 + 15 42/56 140+ 15  46/60 197 + 8% 60/60

*Significantly different from the corresponding value for the Cobb 500 strain at a given age, P < 0.05.
'Values are means + SEM.
The number of roosters for a given feed restriction program and /or genetic strain with plasma total testosterone concentrations above

the lowest RIA standard concentration of 20 ng/dL.



Table 5.19. Sperm mobility at 46, 51, 56, 61 and 65 weeks of age for two genetic strains of broiler breeder cockerels reared on four

different feed restriction programs (Experiment 2).'

Age (week)
Feed Genetic 46 51 56 61 65
restriction Strain
program
absorbance (550 nm)

Standard Cobb 500 0.314 £0.026 0.394 + 0.020 0.389 + 0.028 0.453 £ 0.026 0.340 + 0.030
Standard Cobb MX  0.246+£0.022*  0.268 £0.028*  0.247 +0.028*  0.304 +£0.028*  0.217 +£0.025*
Concave Cobb 500 0.313 £0.025 0.350 +0.028 0.291 £ 0.021 0.420 + 0.034 0.345 +0.033
Concave Cobb MX  0.308 £0.023 0.299 + 0.026 0.334 +0.023 0.396 + 0.035 0.325+0.038
Convex Cobb 500 0.250 £ 0.024 0.260 £ 0.021 0.331 £ 0.028 0.339 + 0.029 0.294 + 0.025
Convex Cobb MX  0.239+0.040 0.260 + 0.029 0.303 £0.028 0.421 +0.032 0.282 +0.035
Standard 0278 £0.017®° 0.327+0.019°  0.314+0.021 0.371 £0.021 0.271 +£ 0.020
Concave 0.311+0.017* 0.323+0.019* 0.313+0.016 0.407 +£ 0.024 0.334 +0.025
Convex 0.246 +0.021°  0.260+0.018"  0.317 +0.020 0.379 £ 0.022 0.288 +0.022

Cobb 500 0.295+0.015 0.334+0.014 0.337£0.015 0.401 £0.018 0.325+0.017

Cobb MX  0.270+0.015 0.275+0.016* 0.294+0.015* 0.373+£0.019 0.274 +£0.019*

*Significantly different from the corresponding value for the Cobb 500 strain at a given age, P < 0.05.

“PFeeding program values for a given week without a common superscript differ; P < 0.05.
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Table 5.20. Plasma inhibin-B concentrations of roosters at 61 weeks of age with low or high
sperm mobility values and for two genetic strains of broiler breeder cockerels reared on four

different feed restriction programs (Experiment 2).'

Sperm mobility n Inhibin-B (pg/mL)
Low’ 19 7.99 + 1.50
High® 20 7.34+1.63
Feed restriction program  Genetic strain
Standard Cobb 500 6 5.96 +2.74
Standard Cobb MX 10 6.19+2.37
Concave Cobb 500 5 6.44 +£3.20
Concave Cobb MX 6 7.70 £ 1.32
Convex Cobb 500 5 8.86 +4.38
Convex Cobb MX 7 11.18 £2.54
Full fed Cobb 500
Full fed Cobb MX
Standard 16 6.11+1.75
Concave 11 7.13+£1.54
Convex 12 10.21 £2.25
Full fed
Cobb 500 23 8.10£1.36
Cobb MX 16 7.02 +1.87

'"Values are means = SEM.

*Low mobility roosters were selected based on having sperm mobility absorbance values less
than 0.186 when measured at 46, 51, 56 and 61 weeks of age. The overall (46 to 61 weeks of
age) mean + SEM sperm mobility absorbance value at 550 nm for the 19 roosters was 0.085 +
0.006 with a range of 0.036 to 0.150.

*High mobility roosters were selected based on having sperm mobility absorbance values greater
than 0.4 when measured at 46, 51, 56 and 61 weeks of age. The overall (46 to 61 weeks of age)

mean + SEM sperm mobility absorbance value at 550 nm for the 20 roosters was 0.
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Chapter 6
DISCUSSION

6.1.1. Genetic strain comparison

One of the goals of the current research was to evaluate the reproductive capability of the
newly developed Cobb MX male versus its progenitor the Cobb 500 male. Overall the Cobb
MX male is as good as or better than the Cobb 500 male based on the current research findings.
The Cobb MX males have a quicker onset of sexual maturity based on testes development and
testosterone production than the Cobb 500 male. Livability is also better for the Cobb MX male
than the Cobb 500 male. However, sperm mobility tended to be better for the Cobb 500 males
than the MX males, but the sperm mobility values obtained for the Cobb MX and 500 males are
both considered average and would not be expected to vary much in fertility (Froman et al.,

1999).

6.1.2. Feed restriction and testes development

The value of feed restriction in improving reproduction of broiler breeders hens is well
established. Feed restriction of broiler breeder hens decreases body weight gain (Robbins et al.,
1986; Katanbaf ef al., 1989; Bruggeman et al., 1999, 2005; Onagbesan et al., 2006), delays the
onset of sexual maturity (Robbins et al., 1986; Yu et al., 1992a; Heck et al., 2004; Bruggeman et
al., 2005; Hocking and Robertson, 2005; Onagbesan et al., 2006), and decreases mortality
(Robbins et al., 1986; Katanbaf et al., 1989; Heck et al., 2004; Bruggeman et al., 2005). In

addition, feed restriction during the rearing and laying periods reduces the number of large
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follicles on the\ ovary of broiler breeder hens (Hocking et al., 1987, 1989; Heck et al., 2004;
Hocking and Robertson, 2005). More important, broiler breeder hens that have been feed
restricted produce more eggs (Yu et al., 1992; Heck et al., 2004; Bruggeman et al., 2005;
Onagbesan et al., 2006), lay longer sequences (Robinson et al., 1991), persist in lay longer
(Fattori et al., 1991), lay fewer abnormal eggs, and have fewer multiple ovulations in a single
day (Fattori et al., 1991; Yu et al., 1992a; Heck et al., 2004) compared with fully fed broiler
breeder hens.

Given all of the benefits of feed restricting broiler breeder pullets and hens, it is not
surprising that broiler breeder males have been feed restricted following the same protocols of
the females. However, there has not been much research to support these restriction protocols in
males and biologically the role of nutrition in male reproduction differs from that of females in
both avian species and mammalian species. Egg production in female birds and pregnancy in
mammals is energy costly and sufficient fat deposits are required to support the demands of
reproduction. However, the acquisition of excess fat in female poultry or mammalian species is
associated with a significant decrease reproductive ability. In mammalian females the hormone
leptin, which is produced by fat cells, is the key regulator involved in initiating puberty when
nutrient stores are sufficient to support reproduction and repressing reproduction when energy
stores are in extreme excess and the reproductive fitness of the individual is compromised (Smith
et al. 2002; Ebling 2005; Zieba et al., 2005; and Budak et al. 2006).

In contrast, leptin is less important in regulating male reproduction in mammalian species
because the energy costs associated with sperm production are minimal. In fact the levels of
leptin in male mammalian species are negatively correlated with testosterone levels because

testosterone, unlike estrogen, inhibits the synthesis of leptin by fat cells and thus provides
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protection against reproductive failure as males become overweight. Ultimately in very obese
mammalian males the levels of leptin reach a threshold where it starts to inhibit testosterone
production. Thus roosters, like their male mammalian counterparts, may not have reproductive
capability degraded with the addition of fat below obesity levels. Furthermore in the current
research the full fed males did not become obese. Despite weighing 6 to 7 kg by 20 weeks of
age, the full fed males appeared to have no greater body fat deposits than the restricted birds
when the animals were killed for testes collection. The full fed males were very large bodied,
muscular and prone to leg problems which would have made them useless for natural mating. In
addition, the full fed males had over a 50% cumulative mortality rate which was more than
double that of the restricted birds. However, the lack of fat accumulation in these birds may
suggest that roosters may not have to be restricted to the degree that broiler breeder hens are.
The onset of testosterone production was delayed as the degree of feed restriction increased. In
addition, based on our research the convex restriction program besides delaying the onset of
reproduction and increasing mortality had no detected benefit in reproductive fitness at as the
roosters aged to 65 weeks of age. Thus our results may indicate that the severity of current feed
restriction programs in male broiler breeders could be lessened without hurting fertility. This
agrees with other research that has suggested that broiler breeder males are over feed restricted
during the end of the broiler breeder production cycle (Buckner et al., 1986; Sexton et al., 1989
a, b; Cerolini et al., 1995; Bramwell et al., 1996, Romero-Sanchez et al., 2008).

Obtaining a critical body weight and having the energy to support reproduction was
enough to initiate testes development in the full fed broiler breeder cockerels at 8 to 11 weeks of
age in the absence of any photostimulation. It is interesting to note that testes development in the

full fed cockerels is the slow and steady progression in testes size and rate of testosterone
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production through 25 weeks of age. In contrast, testes development was incredibly rapid in the
feed restricted birds essentially occurring in a 3 week period from 25 to 28 weeks of age. None
of the birds in Experiment 1 were photostimulated so testes development was based on other
factors. However, factors other than obtaining a certain body weight were clearly involved since
there is no correlation between the full fed and feed restricted cockerels and the body weights
which testes development occurred.

The results suggest that a chronological reproductive maturation unrelated to acquiring
photosensitivity and/or obtaining a certain body weight has to be at work to explain the slowness
of the sexual maturation in the full fed males and the quickness of maturation in the feed
restricted males. While body weight and having the metabolizable energy to support
reproduction initiated reproductive development in the full fed males these factors were not
enough to allow maximum testes development which occurred later when they reached 25 weeks
of age which also coincided with the massive reproductive development in the feed restricted
males. Further research is needed to explore what biological event or maturation occurred when
all of the cockerels reached about 25 weeks of age and reproductive capability exploded in the
feed restricted birds and peaked in the full fed birds. The results would argue that attempting to
lessen the amount of time for developing sexually mature males from the current 24 to 25 weeks
of age to 14 or 15 weeks of age by allowing more rapid growth and earlier photostimulation
would yield roosters with less than optimum fertility. This increase in maturation rate has
become more appealing because roosters flocks are now routinely grown for spiking (male
replacement) purposes. Cutting the amount of time for the production of these replacement

flocks would have financial benefits.
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6.1.3. Plasma testosterone

The plasma testosterone values obtained in the current research are similar to those
obtained previously in broiler breeder males (Vizcarra ef al., 2004; 2010). The variability seen
in the plasma testosterone concentration over time once sexual maturity was reached was also
reported in a previous research report that examined plasma testosterone concentrations over
time (Vizcarra et al., 2010). Beyond establishing the functionality of steroidogenesis in the
Leydig cells and the maturation progression of the testes as cockerels approach reproductive
maturity, plasma testosterone levels in sexually mature male broiler breeders vary over a wide
range and have no predictive value in determining a rooster’s fertility (Bowling et al., 2003).

In the current research, the production of testosterone was used to monitor testes
development. The differences in plasma testosterone concentrations between the genetic strains
and feed restriction programs were often actually greater than what the reported mean values
indicate. Throughout the experiment, plasma testosterone values for individual roosters were
often below the assay detection limit of 20 ng/dL. But, without a numeric value these very low
testosterone concentrations could not be included in the overall treatment mean which results in
misleading and inflated mean values of plasma testosterone. Regretfully the roosters with
testosterone concentrations below the detection limit were often proportionally greater for the
Cobb 500 males and the most feed restricted birds. To help better indicate the situations where
this could be skewing the results, the number of cockerels or roosters with detectable
testosterone concentrations out of the total number examined for each strain or feed restriction

program was presented in our results with the mean testosterone concentrations.
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6.1.4. Plasma inhibin-B

Beyond establishing the functionality of steroidogenesis in the Leydig cells and the
maturation of the testes, plasma testosterone levels in male broiler breeders that are within a wide
normal range have absolutely no predictive value in determining a rooster’s fertility (Bowling et
al.,2003). Because broiler breeders breed through natural mating rather than artificial
insemination and because of the millions of parent broiler breeders present in the United States at
one time, there is no routine evaluation of semen quality or fertility. At the grandparent and
great grandparent level there is more interest in evaluating male fertility at a degree greater than
visualization of semen color, ejaculate volume and sperm concentration. However, finding a
reliable, quick, and user friendly indicator of fertility has been elusive for poultry. The sperm
mobility assay (Froman and Feltmann 1998; Froman et al., 1999) is the best test because it
accurately and reliably indicates rooster fertility, but the procedure for the analysis is somewhat
complex and time consuming.

In all mammalian species studied, except rams in which inhibin-A is the predominate
inhibin form found in blood, inhibin-B is the detectable form of inhibin found in the plasma.
Therefore, in many male mammalian species, especially humans, plasma inhibin-B levels is
gaining favor as an indicator for fertility (Anawalt et al., 1996; Burger and Robertson 1997,
Klingmuller and Haidl, 1997; Andersson et al., 1998; Byrd et al., 1998; Pierik et al., 1998;
Groome and Evans 2000; Hayes et al., 2001) because the ELISA assay is fairly easy to conduct
and quickly allows for the testing of a multitude of samples. However, our results indicate that
there is no correlation between plasma inhibin-B concentrations and sperm mobility which is
highly correlated with fertility in poultry. The fact that inhibin-A was not detectable in rooster

plasma samples in the current research while inhibin-B was detectable is in agreement with a
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previous report (Lovell ef al., 2000) and indicates that the lack of a relationship between fertility
and plasma inhibin-B levels was not related to a faulty assay. Lovell et al., (2000) reported that
plasma inhibin A concentrations in cockerels are detectable at 5 weeks of age and show a rapid
but transient rise from 14 to 18 weeks of age at the onset of sexual maturity and then decline
thereafter to low levels in the adult. In contrast, plasma inhibin B concentrations are
undetectable before 16 weeks of age but then increase progressively through 25 weeks of age in

parallel with increasing plasma FSH and testosterone concentrations.

6.1.5. Summary

Although further research is needed in which the fertility of the roosters from both
genetic strains is compared throughout the breeding production cycle with hens in a floor pen
study, based on greater testes weights and lower mortality the Cobb MX males appear
reproductively superior to the Cobb 500 roosters. Plasma inhibin-B concentrations do not appear
to predict fertility in male broiler breeders as it does in mammalian species. Further research is
needed to determine what factors control testes development in broiler breeders over time
beyond, light, body weight and energy intake. Understanding these factors will allow for better
feed restriction protocols to be developed and for the potential to improve fertility in male broiler

breeder.



70

REFERENCES

Advis, J. P. and A. M. Contijoch. 1993. The median eminence as a site for
neuroendocrine controls of reproduction in hens. Poultry Science. 72:932-939.

Anawalt, B. D., R. A. Bebb, A. M. Matsumoto, N. P. Groome, P. J. Illingworth, A. S. McNeilly.
1996. Serum inhibin B levels reflect Sertoli cell function in normal men and men with
testicular dysfunction. Journal of Clinical Endocrinology and Metabolism. 81:3341-3345.

Anderson, A. M., J. Muller, and N. E. Skakkebaek. 1998. Differential roles of prepubertal and
postpubertal germ cells and Sertoli cells in the regulation of serum inhibin B levels.
Journal of Clinical Endocrinology and Metabolism. 83:4451-4458.

Ashwell, C. M., S. M. Czerwinski, D. M. Brocht, and J. P. McMurtry. 1999. Hormonal
regulation of leptin expression in broiler chickens. The American Journal of Physiology.
276: 226-232.

Bacon, W. L., J. A. Proudman, D. N. Foster, and P. A. Renner. 1991. Pattern of secretion of
luteinizing hormone and testosterone in the sexually mature male turkey. General and
Comparative Endocrinology. 84:447-460.

Barbato, G. F. 1999. Genetic relationships between selection for growth and reproductive
effectiveness. Poultry Science. 78:444-452.

Bartov, ., S. Bornstein, Y. Lev, M. Pines, and J. Rosenberg. 1988. Feed restriction in

broiler breeder pullets: skip-a-day versus skip-two-days. Poultry Science. 67:809-813.



71

Bearden, H. J. and J. W. Fuquay. 1984. Applied Animal Reproduction. Reston Publishing
Company, Inc. Reston, VA. Second Edition Pp. 168.
Bergmann, M., and J. Schindelmeiser. 1987. Development of the blood-testis barrier in
domestic fowl (Gallus domesticus). International Journal of Andrology. 10: 481-488.
Bokkers, E.A.M. and P. Koene. 2003. Eating behavior and preprandial and postprandial
correlations in male broiler and layer chickens. British Poultry Science. 44:538-544.
Bowling, E. R., D. P. Froman, A. J. Davis and J. L. Wilson. 2003. Attributes of broiler = breeder
males characterized by low and high sperm mobility. Poultry Science 82:1796-1801.
Bouvet, J., Y. Usson, and J. Legrand. 1987. Morphometric analysis of the cerebellar
purkinje-cell in the developing normal and hypothyroid chick. International Journal of
Developmental Neuroscience. 5: 345-355.
Brake, J., P. Thaxton, and E. H. Benton. 1979. Physiological changes in caged layers
during a forced molt. 3. Plasma thyroxine, plasma triiodothyronine, adrenal cholesterol,
and total adrenal steroids. Poultry Science. 58: 1345-1350.
Bramwell, R. K., C. D. McDaniel, W. H. Burke, J. L. Wilson, and B. Howarth. 1996.
Influence of male broiler breeder dietary energy intake on reproduction and
progeny growth. Poultry Science. 75:765-775.
Brillard, J. P., and G. R. McDaniel. 1986. Influence of spermatozoa numbers and insemination
frequency on fertility in dwarf broiler breeder hens. Poultry Science. 65:2330-2334.
Brillard, J. P. 2004. Natural mating in broiler breeders: present and future concerns.

World’s Poultry Science 60:439-444.



72

Brown, N. L., J. D. Bayle, C. G. Scanes, and B. K. Follett. 1975. Chicken gonadotropins: their
effects of the testes of immature and hypophysectomized Japanese quail. Cell Tissue
Research. 156: 499-520.

Brown, N. L. and B. K. Follett. 1977. Effects of androgens on the testes of intact and
hypophysectomized Japanese quail. General and Comparative Endocrinology.
33:267-277.

Bruggeman, V., D. Vanmontfort, R. Renaville, D. Portetelle, and E. Decuypere. 1997.

The effect of food intake from two weeks of age to sexual maturity on plasma growth
hormone, insulin-like growth-factor I, insulin-like growth factor-binding proteins, and
thyroid hormones in female broiler breeder chickens. General and Comparative
Endocrinology. 107: 212-220.

Bruggeman, V., O. Onagbesan, E. D’Hondt, N. Buys, M. Safi, D. Vanmontfort, L.
Berghman, F. Vandesande, and E. Decuypere. 1999. Effects of timing and duration of
feed restriction during rearing on reproductive characteristics in broiler breeder females.
Poultry Science. 78:1424-1434.

Bruggeman, V., O. Onagbesan, O. Ragot, S. Metayer, S. Cassy, F. Favreau, Y. Jego, J. J.
Trevidy, K. Tona, J. Williams, E. Decuypere, and M. Picard. 2005. Feed allowance—
genotype interactions in broiler breeder hens. Poultry Science. 84:298-306.

Buckner, R. E., J. A. Renden, and T. F. Savage. 1986. The effect of feeding programs on
reproductive traits and selected blood chemistries of broiler breeder males. Poultry
Science. 65:85-91.

Budak, E., M. Fernandez Sanchez, J. Bellver, A. Cervero, C. Simon, and A. Pellicer.



73

2006. Interactions of the hormones leptin, ghrelin, adiponectin, resistin, and PYY3-36
with the reproductive system. Fertility and Sterility. 85:1563-1581.

Burger, H. G., and D. M. Robertson. 1997. Editorial: inhibin in the male- progress at last.
Endocrinology. 138:1361-1361.

Buyse, J., E. Decuypere, V. M. Darras, L. M. Vleurick, E. R. Kuhn, and J. D. Veldhuis.

2000. Food deprivation and feeding of broiler chickens is associated with rapid and
interdependent changes in the somatotrophic and thyrotrophic axes. British Poultry
Science. 41: 107-116.

Byrd, W., M. J. Bennett, B. R. Carr, Y. Dong, F. Wians, and W. Rainey. 1998. Regulation of
biologically active dimeric inhibin A and B from infancy to adulthood in the male.
Journal of Clinical Endocrinology and Metabolism. 83:2849-2854.

Cassy, S., S. Metayer, S. Crochet, N. Rideau, A. Collin, and S. Tesseraud. 2004. Leptin
receptor in the chicken ovary: potential involvement in ovarian dysfunction of ad libitum-
fed broiler breeder hens. Reproductive Biology and Endocrinology. 2:72-79.

Cerolini, S., C. Mantovani, F. Bellagamba, M. G. Mangiagalli, L. G. Cavalchini, and R. Reniero.
1995. Effect of restricted and ad libitum feeding on serum production and fertility in
broiler breeder males. British Poultry Science. 36:677-682.

Contijoch, A. M., C. Gonzalez, H. N. Singh, S. Malamed, S. Troncoso, and J. P. Advis.

1992. Dopaminergic regulation of luteinizing hormone-releasing hormone release at the
median eminence level: immunocytochemical and physiological evidence in hens.
Neuroendocrinology. 55:290-300.

Dale, N. M. 2001. Feedstuffs ingredient analysis table. Feedstuffs 73:28-37.



74

Danforth, E., and A. Burger. 1984. The role of thyroid-hormones in the control of energy-
expenditure. Clinics in Endocrinology and Metabolism. 13:581-595.

Davies, D. T. and B. K. Follett. 1980a. Neuroendocrine regulation of the gonadotropin releasing
hormone in the Japanese quail. General and Comparative Endocrinology. 40:220-225.

Davies, D. T., R. Massa, and R. James. 1980b. Role of testosterone and its metabolites in
regulating gonadotropin secretion in the Japanese quail. Journal of Endocrinology.
84:211-222.

Davis, A. J. and P. A. Johnson. 1998. Expression pattern of messenger ribonucleic acid
for follistatin and the inhibin/activin subunits during follicular and testicular development
in Gallus domesticus. Biology of Reproduction. 59:271-277.

Davis, G. S., K. E. Anderson, and A. S. Carroll. 2000. The effects of long-term
caging and molt of single comb white leghorn hens on heterophil to lymphocyte ratios,
corticosterone, and thyroid hormones. Poultry Science. 79:514-518.

Davis, A. J., C. F. Brooks, and P. A. Johnson. 2001. Activin A and gonadotropin
regulation of follicle-stimulating hormone and luteinizing hormone receptor messenger
RNA in avian granulosa cells. Biology of Reproduction. 65:1352-1358.

de Riviers, M. 1968. Determination de la duree des procussus spermatogenetiques chez le
coq. Proceedings of the 6™ International Congress of Animal Reproduction and
Artificial Insemination. Vol. 1:183-185.

de. Reviers, M. and J. B. Williams. 1984. Testis development and production of spermatozoa
in the cockerel (Gallus domesticus). In: F. J. Cunningham, P. E. Lake and D. Hewitt
(Editors), Reproductive Biology of Poultry Science, Ltd., Longman Group, Harlow, pp.

183-202.



75

Dornas, R. A., A. G. Oliveira, M. O. Dias, G. A. Mahecha, and C. A. Oliveira. 2008.
Comparative expression of androgen receptor in the testis and epididymal region of
roosters (Gallus domesticus) and drakes (4nas platyrhynchos). General and Comparative
Endocrinology. 155(3):773-779.

Doufas, A. G., and G. Mastorakos. 2000. The hypothalamic-pituitary-thyroid axis and the
female reproductive system. Annals of the New York Academy Sciences. 900:65-76.

Duff, F. R., and P. M. Hocking. 1986. Chronic orthopedic disease in adult male broiler
breeding fowls. Res. Vet. Sci. 41:340-348.

Duncan, L. J. H., P. M. Hocking, and E. Seivewright. 1990. Sexual behavior and fertility in
broiler breeder male domestic fowl. Applied Animal Behavior Sciences. 26:1-  26.

Ebling, F. J. 2005. The neuroendocrine timing of puberty. Reproduction. 129:675-683.

Etches, R. J. 1976. A radioimmunoassay for corticosterone and its application to the
measurement. Steroids. 28:763-773.

Etches, R. J., Uribe, H. A., and Bagley, L. G. 1993. Precocious semen production in
turkeys. Poultry Science 72:193-201.

Etches, R. J. 1996. Reproduction in Poultry. Photoperiodism. Pages 106-124. CAB
International. Cambridge, UK.

Fattori, T. R., H. R. Wilson, R. H. Harms, and R. D. Miles. 1991. Response of broiler breeder
females to feed restriction below recommended levels. 1. Growth and reproductive
performance. Poultry Science. 70:26-36.

Fernandez-Fernandez, R., M. Tena-Sempere, E. Aguilar, and L. Pinilla. 2004. Ghrelin
effects on gonadotropin secretion in male and female rats. Neuroscience Letters. 362:

103-107.



Fitko, R. and B. Szlezyngier. 1994. Role of thyroid hormone in controlling the
concentration of luteinizing hormone/human chorionic gonadotropin receptors in rat
ovaries. European Journal of Endocrinology. 130:378-380.

Follett, B. K. and T. J. Nicholls. 1985. Influences of thyroidectomy and thyroxine
replacement on photoperiodically controlled reproduction in quail. Journal of
Endocrinology. 107: 211-221.

Freeman, M. 2008. Ghrelin’s potential role in reproduction for the broiler breeder hen.
Masters Thesis, pp 1-84. University of Georgia, Athens, GA.

Friedman J. M. and J. L. Halaas. 1998. Leptin and the regulation of body weight in
mammals. Nature. 395: 763-770.

Froman, D. P., and A. J. Feltmann. 1998. Sperm mobility: A quantitative trait of the
domestic fowl (Gallus domesticus). Biology of Reproduction. 58:379-384.
Froman, D. P., A. J. Feltmann, M. L. Rhoades, and J. D. Kirby. 1999. Sperm mobility: A
primary determinant of fertility in the domestic fowl (Gallus domesticus). Biology

of Reproduction. 61:400-405.

Furuta, M., T. Funabashi, and F. Kimura. 2001. Intracerebroventricular administration of

76

ghrelin rapidly suppresses pulsatile luteinizing hormone secretion in ovariectomized rats.

Biochemical and Biophysical Research Communications. 288:780-785.
Gibson, L. C., 2006 Influence of feeding methods during early lay in broiler breeder

hens. Masters Thesis, pp 1-59. University of Georgia, Athens, GA.

Gonzalez-Moran, M. G., C. Guerra-Araiza, M. G. Campos, and I. Camacho-Arroya. 2008.

Histological and sex steroid hormone receptor changes in the testes of immature, mature,

and aged chickens. Domestic Animal Endocrinology. 35:371-379.



77

Groome, N. P., and L. W. Evans. 2000. Does measure of inhibin have a clinical role? Annals of
Clinical Biochemistry. 3:419-431.

Halvorson, L. M. and A. H. DeCherney. 1996. Inhibin, activin, and follistatin in
reproductive medicine. Fertility and Sterility. 65:459-469.

Hammerstedt, R. H. 1999. Symposium summary and challenges for the future. Poultry
Science 78:459-466.

Hayes, F. J., N. Pittloud, S. DeCruz, W. F. Crowley Jr., and P. A. Boepple. 2001. Important of
inhibin B in the regulation of FSH secretion in the human male. Journal of Clinical
Endocrinology and Metabolism. 86:5541-5546.

Heck, A., O. Onagbesan, K. Tona, S. Metayer, J. Putterflam, Y. Jego, J. J. Trevidy, E.
Decuypere, J. Williams, M. Picard, and V. Bruggeman. 2004. Effects of ad libitum
feeding on performance of different strains of broiler breeders. British Poultry Science.
45:695-703.

Hocking, P. M., A. B. Gilbert, M. Walker, and D. Waddington. 1987. Ovarian follicular
structure of White Leghorns fed ad libitum and dwarf and normal broiler breeders
fed ad libitum or restricted until point of lay. British Poultry Science. 28:493-506.

Hocking, P. M., and S. R. Duff. 1989. Musculo-skeletal lesion in adult male broiler breeder
fowls and their relationship with body weight and fertility at 60 weeks of age. British
Poultry Science. 30: 777-784.

Hocking, P. M., D. Waddington, M. A. Walker, and A. B. Gilbert. 1989. Control of the
development of the ovarian follicular hierarchy in broiler breeder pullets by food

restriction during rearing. British Poultry Science. 30: 161-173.



78

Hocking, P. M. 1990. The relationships between dietary crude protein, body weight, and fertility
in naturally mal broiler breeder males. British Poultry Science. 31:743-757.

Hocking, P. M., and R. Bernard. 2000. Effects of the age of male and female broiler breeder
fowls on sexual behavior, fertility and hatchability of eggs. British Poultry Science.
41:370-376.

Hocking, P. M., and G. W. Robertson. 2000. Ovarian follicular dynamics in selected and control
(relaxed selection) male and female-lines of broiler breeders fed ad libitum or on
restricted allocations of food. British Poultry Science. 41:229-234.

Hocking, P. M., and G. W. Robertson. 2005. Limited effect of intense genetic selection for
broiler traits on ovarian function and follicular sensitivity in broiler breeders at the onset
of lay. British Poultry Science. 46:354-360.

Horev, G., P. Einat, T. Aharoni, Y. Eshdat, and M. Friedman-Einat. 2000. Molecular
cloning and properties of the chicken leptin-receptor (CLEPR) gene. Molecular and
Cellular Endocrinology. 162:95-106.

Houseknecht, K. L. and C. P. Portocarrero. 1998. Leptin and its receptors: regulators of
whole-body energy homeostasis. Domestic Animal Endocrinology. 15:457-475.
Howarth, B. 1995. Physiology of reproduction: the male. In: P. Hunton (Editor) World Animal

Science: Poultry Production, Elsevier, Amsterdam, pp243-270.

Ingkasuwan, P., and F. X. Ogasawara. 1966. The effect of light and temperature and their
interaction on the semen production of White Leghorn males. Poultry Science.
45:1199-1204.

Ishii, S., and T. Furuya. 1975. Effects of purified chicken gonadotropins on the chick testis.

General and Comparative Endocrinology. 25:1-8.



79

Ishii, S., and K. Yamamoto. 1976. Demonstration of follicle stimulating hormone (FSH) activity
in hypophyseal extracts of various vertebrates by the response of Sertoli cells of the
chick. General and Comparative Endocrinology. 29:506-510.

Jiang, N., H. Wu, X. M. Xang, Y. Y. An, and C. Y, Liu. 1999. Effect of heat stress on body
temperature of high and low heat tolerant layers. Journal of China Agricultural
University. 4:102-106.

Johnson, A. L. 1986. Reproduction in the male. In Avian Physiology (P.D. Sturkie, ed) pp432-
451. Springer-Verlag, New York.

Johnson, A. L. 2000. Sturkie’s avian physiology: reproduction in the female. Academic
Press. London, England. Pages 569-596.

Kaiya, H., S. Van der Geyten, M. Kojima, H. Hosoda, Y. Kitajima, M. Matsumoto, S.
Geelissen, V. M. Darras, and K. Kangawa. 2002. Chicken ghrelin: purification, cDNA
cloning, and biological activity. Endocrinology. 143:3454-3463.

Kaiya, H., E. S. Saito, T. Tachibana, M. Furuse, and K. Kangawa. 2007. Changes in
ghrelin levels of plasma and proventriculus and ghrelin mRNA of proventriculus in fasted
and refed layer chicks. Domestic Animal Endocrinology. 32:247-259.

Katanbaf, M. N., E. A. Dunnington, P. B. Siegel. 1989. Restricted feeding in early and
late-feathering chickens. 1. Growth and physiological responses. Poultry Science.
68:344-351.

Katz, I. A., R. P. Millar, and J. A. King. 1990. Differential regional distribution and
release of two forms of gonadotropin-releasing hormone in the chicken brain. Peptides.

11:443-450.



80

Karaca, A. G., H. M. Parker, and C. D. McDaniel. 2002. Elevated body temperature
directly contributes to heat stress infertility of broiler breeder males. Poultry
Science. 81:1892-1897.

Kirby, J. D., and D. P. Froman. 2000. Reproduction in male birds. In: P. D. Sturkie
(Editor), Avian Physiology, Academic Press, New York, NY. pp. 597-615.

Kirk, S., G. C. Emmans, R. McDonald, and D Arnist. 1980. Factors affecting the hatchability of
eggs from broiler breeders. British Poultry Science. 21:37-43.

Klingmuller, D., and G. Haidl. 1997. Inhibin B in men with normal and impaired
spermatogenesis. Human Reproduction. 13:2376-2378.

Kobayashi, M., and S. Ishii. 2002. Effects of starvation on gonadotropin and thyrotropin
subunit mRNA levels in the male Japanese quail (Coturnix coturnix japonica).
Zoological Science. 19:331-342.

Kochan, Z., J. Karbowska, and W. Meissner. 2006. Leptin is synthesized in the liver and
adipose tissue of the dunlin (Calidris alpina). General and Comparative Endocrinology.
148:336-339.

Korbonits, M., A. P. Goldstone, M. Gueorquiev, and A. B. Grossman. 2004. Ghrelin—a
hormone with multiple functions. Frontiers in Neuroendocrinology. 25:27-68.

Krishnan, K. A., J. A. Proudman, D. J. Bolt, and J. M. Bahr. 1993. Development of an
homologous radioimmunoassay for chicken follicle-stimulating hormone and
measurement of plasma FSH during the ovulatory cycle. Comparative Biochemistry and
Physiology Comparative Physiology. 105:729-734.

Krummen, L. A., T. K. Woodruff, G. DeGuzman, E. T. Cox, D. L. Baly, E. Mann, S.



81

Garg, W. —-L. Wong, P. Cassum, and J. P. Mather. 1993. Identification and
characterization of binding proteins for inhibin and activin in human serum and follicular
fluids. Endocrinology. 132:431-443.

Kubikova, L., P. Vyboh, and L. Kostal. 2001. Behavioral, endocrine and metabolic
effects of food restriction in broiler breeder hens. Acta Vet Brno. 70:247-257.

Lake, P. E. 1989. Recent progress in poultry reproduction. World’s Poultry Science
Journal. 45:53-59.

Lien, R. J., and T. D. Siopes. 1989. Turkey plasma thyroid hormone and prolactin
concentrations throughout an egg laying cycle in relation to photorefractoriness. Poultry
Science. 68:1409-1417.

Lordelo, M. M., A. J. Davis, J. L. Wilson, and N. M. Dale. 2004. Cottonseed meal diets
improve body weight uniformity in broiler breeder pullets. The Journal of Applied
Poultry Research. 13:191-199.

Lovell, T. M., P. G. Knight, N. P. Groome, and R. T. Gladwell. 2000. Measurement of
dimeric inhibins and effects of active immunization against inhibin a-subunit on plasma
hormones and testis morphology in the developing cockerel. Biology of Reproduction.
63:213-221.

Mather, J. P., P. E. Roberts, and L. A. Krummen. 1993. Follistatin modulates activin
activity in a cell- and tissue-specific manner. Endocrinology. 132:2732-2734.

Mather, J. P., A. Moore, and R. H. Li. 1997. Activins, inhibins, and follistatins: further
thoughts on a growing family of regulators. Proceedings of the Society for Experimental

and Medicine. 215:209-222.



82

Maung, Z. W. and B. K. Follett. 1977. Effects of chicken and ovine luteinizing hormone on
androgen release and cyclic AMP production by isolated cells from the quail testis.
General and Comparative Endocrinology. 33:242-253.

McDaniel, G. R., J. Brake, and R. D. Bushong. 1981. Factors affecting broiler breeder
performance. 1. Relationship of daily feed intake level to reproductive performance of
pullets. Poultry Science 60:307-312.

McDaniel, C. D., R. K. Bramwell, J. L. Wilson, and B. Howarth, Jr. 1995. Fertility of the male
and female broiler breeders following exposure to an elevated temperature environment.
Poultry Science. 74:1029-1038.

McDaniel, C. D., R. K. Bramwell, and B. Howarth, Jr. 1996. The male contribution to broiler
breeder heat-induced infertility as determined by sperm-egg penetration and sperm
storage within the hen’s oviduct. Poultry Science. 75: 1546-1554.

Michel, U., P. Farnworth, and J. K. Findlay. 1993. Follistatins: more than follicle stimulating
hormone suppressing proteins. Molecular and Cellular Endocrinology. 91:1-11.

Millam, J. R., M. A. Ottinger, C. B. Craig-Veit, Y. Fan, and Y. Chaiseha. 1998. Multiple
forms of GnRH are released from perfused medial basal hypothalamic/preoptic
(MBH/POA) explants in birds. General and Comparative Endocrinology. 111:95-101.

Millman, S. T., I. J. H. Duncan, and T. M. Widowski. 2000. Male broiler breeder fowl display
high levels of aggression toward females. Poultry Science. 79:1233-1241.

Murton, R. K., N. J. Westwood. 1977. Avian Breeding Cycles. New York: Oxford
University Press.

Nakamura, T., K. Takio, Y. Eto, H. Shibai, K. Titani, and H. Sugino. 1990. Activin-

binding protein from rat ovary is follistatin. Science. 247:836-838.



83

Neter, J., W. Wassermann, and M. H. Kutner. 1990. Pages 519-561 in Applied Linear
Statistical Models. 3rd ed. Richard D. Irwin Inc., Boston, MA.

Nishiyama, H. 1955. Studies on the accessory reproductive organs in the cock. Faculty
Agriculture. Kyushu University 10:277-307.

Ohkubo, T., M. Tanaka, and K. Nakashima. 2000. Structure and tissue distribution of
chicken leptin receptor (cOb-R) mRNA. Biochimica et Biophysica Acta. 1491:303-308.

Onagbesan, O. M., M. Safi, E. Decuypere, and V. Bruggeman. 2004. Developmental changes in
the inhibin  and inhibin/activin A and B mRNA levels in the gonads during post-hatch
prepubertal development of male and female chickens. Molecular Reproduction and
Development. 68:319-326.

Onagbesan, O. M., S. Metayer, K. Tona, J. Williams, E. Decuypere, and V. Bruggeman. 2006.
Effects of genotype and feed allowance on plasma luteinizing hormones, follicle-
stimulating hormones, progesterone, estradiol levels, follicle differentiation, and egg
production rates of broiler breeder hens. Poultry Science. 85:1245-1258.

Osman, D. I., H. Ekwall, and L. Ploen. 1980. Specialized cell contacts and the blood-testis
barrier in the seminiferous tubules of the domestic fowl (Gallus domesticus).
International Journal of Andrology. 3:553-562.

Ottinger M. A., K. Kubakawa, M. Kikuchi, N. Thompson, and S. Ishii. 2002. Effects of
exogenous testosterone in testicular luteinizing hormone receptors during aging.
Experimenal Biology Medicine. 227:830-836.

Ottinger, M. A., N. Thompson, C. Viglietti-Panzica, G. C. Panzica. 1997. Neuroendocrine
regulation of GnRH and behavior during aging in birds. Brain Research Bulletin.

44(4):471-474.



84

Paczoska-Eliasiewicz, H. E., A. Gertler, M. Proszkowiec, J. Proudman, A. Hrabia, A.

Sechman, M. Mika, T. Jacek, S. Cassy, N. Raver, and J. Rzasa. 2003. Attenuation by
leptin of the effects of fasting on ovarian function in hens (Gallus domesticus).
Reproduction. 126:739-751.

Pelletier, R. M. 1990. A novel perspective: The occluding zonule encircles the apex of the Sertoli
cell as observed in birds. American Journal of Anatomy. 188:87-108.

Phillips, D. J., and T. K. Woodruff. 2004. Inhibin: actions and signaling. Growth Factors.
22:13-18.

Pierik, F. H., J. T. M. Vreeburg, T. Stijnen, F. H. De Jong, and R. F. A Webber. 1998. Serum
inhibin B as a marker of spermatogenesis. Journal of Clinical Endocrinology and
Metabolism. 83:3110-3114.

Proudman, J. A., C. G. Scanes, S. A. Johannsen, L. R. Berghman, and M. J. Camp. 2006.
Comparison of the ability of the three endogenous GnRHs to stimulate release of follicle-
stimulating hormone and luteinizing hormone in chickens. Domestic Animal
Endocrinology. 31:141-153.

Pym, R. A. E., and J. F. Dillon. 1974. Restricted food intake and reproductive
performance of broiler breeder pullets. British Poultry Science. 15:245-259.

Rappaport, S. and M. Soller. 1966. Mating behavior, fertility and rate-of-gain in Cornish males.
Poultry Science. 45:997-1003.

Reddy, R. P. and M. Sandjadi. 1990. Selection for growth and semen traits in the poultry

industry: what can we expect in the future. In: Control of Fertility in Domestic

Birds, 47-59. J. P. Brillard editor, INRA editions volume 54.



85

Reddy, R. P. 1996. Symposium: The effects of long term selection on growth of poultry.
Introduction. Poultry Science. 75:1164-1167.

Renema, R. A., and F. E. Robinson. 2004. Defining normal: comparison of feed
restriction and full feeding of female broiler breeders. World’s Poultry Science Journal.
60:508-522.

Richards, M. P., S. M. Poch, and J. P. McMurtry. 2006. Characterization of turkey and
chicken ghrelin genes, and regulation of ghrelin and ghrelin receptor mRNA levels in
broiler chickens. General and Comparative Endocrinology. 145:298-310.

Robbins, K. R., G. C. McGhee, P. Osei, and R. E. Beauchene. 1986. Effect of feed
restriction on growth, body composition, and egg production of broiler females through
68 weeks of age. Poultry Science. 65:2226-2231.

Robbins, K. R., S. F. Chin, G. C. McGhee, and K. D. Roberson. 1988. Effects of ad
libitum versus restricted feeding on body composition and egg production of Broiler
breeders. Poultry Science. 67: 1001-1007.

Robinson, F. E., N. E. Robinson, and T. A. Scott. 1991. Reproductive performance, growth rate
and body composition of full-fed versus feed-restricted broiler breeder hens. Canadian
Journal of Animal Science. 71:549-556.

Romero-Sanchez, H., P. W. Plumstead, N. Leksrisompong, K. E. Brannan, and J. Brake. 2008.
Feeding broiler breeder males. 4. Deficient feed allocation reduces fertility and broiler
progeny weight. Poultry Science. 87:805-811.

Romero-Sanchez, H., P. W. Plumstead, and J. Brake. 2007a. Feeding broiler breeder
males. 1. Effect of plane on rearing nutrition on body weight, shank length, comb height

and fertility. Poultry Science. 85:168-174.



86

Romero-Sanchez, H., P. W. Plumstead, and J. Brake. 2007b. Feeding broiler breeder
males. 3. Effect of feed allocation program from sixteen to twenty-six weeks and
subsequent feed increments during the production period on body weight and
fertility. Poultry Science. 86:175-181.

Rosenstrauch, A, A. A. Degen and M. Friedlander. 1994. Spermatozoa retention by Sertoli cells
during the decline in fertility of aging rooster. Biology of Reproduction. 109:155-292.

Rosenstrauch, A., S. Weil, A. A. Degen, and M. Friedlander. 1998. Leydig cell functional
structure and plasma androgen level during decline in fertility in aging roosters.

General and Comparative Endocrinology. 109:251-258.

Rothwell, B., and M. D. Tingari. 1973. The ultrastructure of the boundary tissue of the
seminiferous tubule in the testis of the domestic fowl (Gallus domesticus) Journal of
Anatomy. 144:321-328.

Sandilands, V., B. J. Tolkamp, and 1. Kyriazakis. 2005. Behavior of food restricted
broilers during rearing and lay—effects of an alternative feeding method. Physiology and
Behavior. 85:115-123.

Sexton, K. J., J. A. Renden, D. N. Marple and R. J. Kemppainen. 1989. Effect of dietary energy
on semen production, fertility, plasma testosterone, and carcass composition of broiler
breeder males. Poultry Science. 68:1688-1694.

Sexton, K. J., A. Renden, D. N. Marple, and R. J. Kempainen. 1989a. Effects of ad libitum and
restricted feeding on semen quantity and quality, body composition, and blood chemistry

of caged broiler breeder males. Poultry Science. 68: 569-576.



87

Sexton, K. J., A. Renden, D. N. Marple, and R. J. Kempainen. 1989b. Effects of dietary energy
on semen production, fertility, plasma testosterone, and carcass composition on broiler
breeder males in cages. Poultry Science. 68:1688-1694.

Sharpe, P. J., and C. B. Gow. 1983. Neuroendocrine control of reproduction in the
cockerel. Poultry Science. 62:1671-1677.

Sharp, P. J. 1993. Photoperiodic control of reproduction in the domestic hen. Poultry
Science. 72:897-905.

Shimonaka, M., S. Inouye, S. Shimasaki, and N. Ling.1991. Follistatin binds to both
activin and inhibin through the common beta-subunit. Endocrinology. 128:3313-3315.

Smith, G. D., L. M. Jackson, and D. L. Foster. 2002. Leptin regulation of reproductive
function and fertility. Theriogenology. 57:73-86.

Soller, M., H. Schindler, and S. Bornstein. 1965. Semen characteristics, failure of insemination
and fertility in Cornish and White Rock males. Poultry Science. 76:297-305.

Sturkie, P. D. 1976. Reproduction in the male, fertilization and early embryonic development.
In: P. D. Sturkie (Editor), Avian Physiology. Springer-Verlag, New York, NY, Third
Edition. Pp. 332-347.

Takeda, A. 1969. Labeling of cock spermatozoa with radioactive phosphorus. Japan Journal of
Zootechnological Science. 40:412.

Taouis, M., J. W. Chen, C. Daviaud, J. Dupont, M. Derouet, and J. Simon. 1998. Cloning
the chicken leptin gene. Gene. 208:239-242.

Tena-Sempere, M. 2005. Exploring the role of ghrelin as novel regulator of gonadal
function. Growth Hormone and IGF Research. 2:83-88.

Tolkamp, B. J., V. Sandilands, and I. Kyriazakis. 2005. Effects of qualitative feed



restriction during rearing on the performance of broiler breeders during rearing and lay.

Poultry Science. 84:1286-1293.

Ueno, H., H. Yamaguchi, K. Kangawa, and M. Nakazato. 2005. Ghrelin: A gastric peptide that

regulates food intake and energy homeostasis. Regulatory Peptides. 126:11-19.

Van der Lely, A. J., M. Tschop, M. L. Heiman, and E. Ghigo. 2004. Biological,
physiological, pathophysiological, and pharmocological aspects of ghrelin. Endocrine
Reviews. 25: 426-457.

Vizcarra, J. A.; M. L. Rhoads, D. L. Kreider, and J. D. Kirby. 2000. Testis development and
gonadotrophin secretion in male broiler breeders. Poultry Science 79 (Suppl 1):A342.

Vizcarra, J. A., D. L. Kreider, and J. D. Kirby. 2004. Episodic gonadotropin secretion in the
mature fowl: Serial blood sampling from unrestrained male broiler breeders (Gallus
domesticus). Biology of Reproduction. 70:1798-1805.

Vizcarra, J. A., J. D. Kirby, D. L. Kreider. 2010. Testis development and gonadotropin
secretion in broiler breeder males. Poultry Science. 89:328-334.

Vulliemoz, N. R., E. Xiao, L. Xia-Zhang, M. Germond, J. Rivier, and M. Ferin. 2004.
Decrease in luteinizing hormone pulse frequency during a five-hour peripheral ghrelin
infusion in the ovariectomized rhesus monkey. The Journal of Clinical Endocrinology
and Metabolism. 8§9:5718-5723.

Walsh, T. J., and J. Brake. 1997. The effect of nutrient intake during rearing of broiler breeder
females on subsequent fertility. Poultry Science. 76:297-305.

Welt, C., Y. Sidis, H. Keutmann, and A. Schneyer. 2002. Activins, inhibins, and
follistatins: from endocrinology to signaling. A paradigm for the new millennium.

Experimental Biology and Medicine (Maywood, NJ). 227:724-752.

88



89

Wilson, S. C. and P. J. Sharpe. 1975. Episodic release of luteinizing hormone in the
domestic fowl. Journal of Endocrinology. 64:77-86.

Wilson, S. C., P. G. Knight, and F. J. Cunningham. 1983. Evidence for the involvement of
central conversion of testosterone to oestradiol-17b in the regulation of luteinizing
hormone secretion in the cockerel. Journal of Endocrinology. 99:301-310.

Wilson, S. C., R. T. Gladwell, and F. J. Cunningham. 1990a. Differential responses of
hypothalamic LHRH-I and —II to castration and gonadal steroid or tamoxifen treatment in
cockerels. Journal of Endocrinology. 125:139-146.

Wilson, S. C., R. A. Chairil, F. J. Cunningham, and R. T. Gladwell. 1990b. Changes in
the hypothalamic contents of LHRH-I and —II and in pituitary responsiveness to synthetic
chicken LHRH-I and —II during the progesterone-induced surge of LH in the laying hen.
Journal of Endocrinology. 127:487-496.

Woodruff, T. K. 1998. Regulation of cellular and system function by activin.

Biochemical Pharmacology. 55:953-963.

Woodruff, T. K. 2002. Role of inhibins and activins in ovarian cancer. Cancer Treatment
and Research. 107:293-302.

Yoshimura, T., S. Yasuo, M. Watanabe, M. ligo, T. Yamamura, K. Hirunagi, and S.

Ebihara. 2003. Light-induced hormone conversion of T4 to T3 regulates photoperiodic
response of gonads in birds. Nature. 426:178-181.

Yu, M. W., F. E. Robinson, R. G. Charles, and R. Weingardt. 1992a. Effect of feed
allowance during rearing and breeding on female broiler breeders. 2. Ovarian
morphology and production. Poultry Science. 71:1750-1761.

Yu, M. W., F. E. Robinson, and R. J. Etches. 1992b. Effect of feed allowance during



90

rearing and breeding on female broiler breeders. 3. Ovarian Steroidogenesis. Poultry
Science. 71:1762-1767.

Zieba, D. A., M. Amstalden, and G. L. Williams. 2005. Regulatory roles of leptin in
reproduction and metabolism: a comparative review. Domestic Animal Endocrinology.
29:166-185.

Zuidhof, M. J., F. E. Robinson, J. J. R. Feddes, R. T. Hardin, J. L. Wilson, R. I. McKay,
and M. Newcombe. 1995. The effects of nutrient dilution on the well-being and

performance of female broiler breeders. Poultry Science. 74:441-456.



