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hatchability and increases early embryonic mortality. The objectives of this study were to
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CHAPTER I
INTRODUCTION

In avian species, fertilization occurs in the infundibulum within 15 min of
ovulation (Olsen, 1942a). For the oocyte to be fertilized, spermatozoa undergo an
acrosomal reaction with the perivitelline membrane to penetrate the ova in the region of
the germinal disc where the female pronucleus is located (Okamura and Nishiyama,
1978). Avian fertilization is different from that in most mammals because several
spermatozoa penetrate the germinal disc to ensure that an egg is fertile. In fact, it has
been reported that a minimum of 30 sperm must penetrate the germinal disc area in order
to maximize fertility (Bramwell, 1995). However, even though several spermatozoa
penetrate the perivitelline layer, only the DNA of one spermatozoa combines with the
DNA of the oocyte (Parker, 1949). After fertilization of the oocyte, the newly created
zygote begins successive mitosis which coincides with egg formation in the oviduct
(Etches, 1996; Fasenko, 2009). At the time of oviposition, the embryo will consist of
approximately 40,000 to 60,000 organized embryonic cells (Fasenko, 2009) with an area
opaca, area pellucida and marginal zone (Etches, 1996).
However, parthenogenetic development has also been reported in avian species.
Parthenogenetic development is the development of an embryo without fertilization.
Approximately 90% of the cases of parthenogenesis reported occurs in invertebrates and
is a natural form of reproduction (Olsen, 1975). Additionally, parthenogenesis has been
1

reported in turkeys (Olsen and Marsden, 1954), chickens (Kosin, 1945), zebra finch
(Schut et al., 2008), and Chinese Painted quail (Parker and McDaniel, 2009). The
establishment of parthenogenesis in the higher orders of the animal kingdom for the
purpose of reproduction seems to be difficult (White, 1954; Suomalainen, 1950). For
example, in domestic avian species, parthenogenesis is mostly a spontaneous and
abortive form of embryonic development that resembles early embryonic mortality in
fertilized eggs (Olsen, 1975).
Much research has been conducted on parthenogenesis in birds. For example,
Kosin (1945) examined sectioned blastodiscs in fresh eggs from virgin and non-mated
(hens exposed to males once, but isolated from them prior to the experiment) Barred
Rock and White Leghorn hens. From the 100 blastodiscs examined, 15% of the
blastodiscs exhibited cells containing intact nuclei and cells in mitotic division. Using
different breeds and strains of chickens, Olsen (1966a) macroscopically analyzed
blastodiscs for the presence of parthenogenesis (blastodisc greater than 6mm). Olsen
(1966a) found no evidence of parthenogenesis in New Hampshire, Araucana, or game
birds. However, from the 1,143 eggs that Olsen (1966a) classified as containing
parthenogenetic development, 1,136 were from Dark Cornish, Silver Cornish, and
Cornish crosses. Dark Cornish chickens showed the highest incidence (6.38%) of
parthenogenetic development followed by birds which had Cornish genes as a progenitor.
Using eggs from Beltsville Small White (BSW) turkey hens, Olsen and Marsden (1956)
analyzed 5,930 eggs and found that 22% of the eggs examined exhibited parthenogenesis.
Of the eggs exhibiting parthenogenesis, approximately 20% of the eggs exhibited only
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membranous development. Although the incidence of parthenogenesis was high in that
study, very few embryos were found (0.7%) and only 1 poult hatched.
Membranous parthenogenetic development also exists in Chinese Painted quail.
Parker and McDaniel (2009) macroscopically analyzed germinal discs from random
virgin quail hens and found that 4.8% of the eggs examined exhibited parthenogenesis.
Parker and McDaniel (2009) also reported that the first egg in a clutch sequence was 2
times more likely to develop parthenogenetically as compared to subsequent eggs in the
clutch sequence. After determining that parthenogenesis existed in Chinese Painted quail,
Parker et al. (2010) utilized genetic selection to investigate if the parthenogenetic trait
could be inherited and if parthenogenesis affected egg production. After four generations
of selection for the parthenogenetic trait, Parker et al. (2010) reported that as generation
of selection increased, there was an increase in the number of virgin hens exhibiting
parthenogenesis, an increase in the number of eggs exhibiting embryonic development,
and increase in embryo size. Due to the results reported by Parker et al. (2010), it appears
that the parthenogenetic trait can be passed from one generation to the next generation. In
a different study, Parker et al. (2012) examined the effects of parthenogenesis in mated
hens. Using virgin hens selected for their incidence of parthenogenesis prior to mating,
Parker et al. (2012) reported a decrease in hatchability and late embryonic mortality, but
a sharp increase in possible parthenogens and early embryonic mortality as the incidence
of parthenogenesis increased. In another study, Parker et al. (2014) examined whether
genetic selection for the parthenogenetic trait impacts hatchability and fertility. It appears
that genetic selection for parthenogenesis negatively affects hatchability as Parker et al.
(2014) reported a decline in hatch of set and fertile eggs. In fact, this decrease continues
3

as the generation of selection increased in birds selected for the parthenogenetic trait.
They also reported an increase in percentage of eggs showing possible parthenogens and
early embryonic mortality as the generation of selection for the parthenogenesis trait
increased. This increase in possible parthenogens and early embryonic mortality was
similar to what was reported by Parker et al. (2012) when they mated hens based on their
incidence of parthenogenesis as virgins. However, Parker et al. (2010, 2012, 2014) were
unable to clearly determine if the decrease in hatchability when hens exhibited
parthenogenesis was a result of impaired fertility.
As the fertilized-egg embryo, and possibly the parthenogen, grows, it modifies the
microenvironment inside of the egg (Romanoff and Romanoff, 1967). During embryonic
development, egg components such as egg albumen, yolk, and shell provide water,
proteins, lipids, carbohydrates, minerals, and vitamins for the embryo (Etches, 1996). The
embryo metabolizes nutrients within the egg according to each embryonic developmental
phase. The metabolism of nutrients at different stages of development allows the embryo
to follow a normal growth curve (Romanoff and Romanoff, 1967). For the embryo, egg
albumen is approximately 52-58% of the egg and water makes up approximately 88% of
the egg albumen (Etches, 1996). Water in the albumen plays an important role in the
chemical reactions of living tissues, transport of minerals, and control of embryo
homeostasis (Romanoff and Romanoff, 1967). Also, during embryonic development, the
water content from the egg is lost to the environment resulting in incubational egg weight
loss (Whittow, 2000). According to Ar (1990) the amount of water lost during incubation
in fertile eggs is approximately 12-14% of the initial egg mass. However, in eggs of
Chinese Painted quail exhibiting parthenogenetic development, Wells et al. (2012)
4

reported negative correlations of incubational egg weight loss with the incidence of
parthenogenesis and parthenogen size. Also, when the incidence of parthenogenesis was
50% or greater, the water loss was only approximately 5%.
Additionally, analysis of egg components during embryonic development reveals
chemical differences between fertilized and unfertilized eggs. For example, in freshly laid
eggs the albumen pH of fertile and infertile eggs is low. Yet by the second day of
incubation, the albumen pH increases in both fertile and infertile eggs. However, after the
third day of incubation, the albumen pH of infertile eggs is consistently high while the pH
of fertile eggs decreases. (Qiu et al., 2012; Romanoff and Romanoff, 1967; Ono et al.,
1996). Also, quantitative chemical changes occur during embryonic development
(Romanoff and Romanoff, 1967). For example, over incubation there is an increase in O2
consumption by the embryo, which leads to an increase in CO2 production within the egg.
Also as the embryo grows, there is a decrease in minerals, proteins, vitamins, and
carbohydrates in the egg components (Romanoff and Romanoff, 1967).
After fertilization, embryos are constantly developing and altering the egg
microenvironment. Therefore, eggs produced at a poultry breeder farm, for subsequent
chick production, need to be stored using a combination of low temperature and elevated
relative humidity (Proudfoot and Hulan, 1983). To insure embryo viability, embryos are
held at a temperature called “physiological zero”. Physiological zero is defined as the
temperature in which there is a reduction in the growth rate of embryonic cells,
preserving these cells physiological functions for later incubation (Edwards, 1902). The
most common storage temperature used in the poultry industry is 20°C with an actual
range from 15.6 to 23.9°C (Bramwell, 2008).
5

During the period of storage, many factors have been reported to affect embryonic
development and hatchability. For example, it is possible that the decline in hatchability,
due to egg storage, is because an increase in storage length causes delays in embryonic
development consequently increasing the length of incubation (Arora, 1965; Tona et al.,
2003, Mather and Laughlin, 1976). Also, the stage of embryonic development at
oviposition has been reported to affect the ability of the embryo to survive storage
(Butler, 1990; Bakst and Akuffo, 2002) as well as affect the number of embryonic cells
and cell activity (Reijrink, et al., 2010). Coleman and Siegel (1966) examined embryonic
development in two different lines of birds during egg storage. They found that embryos
which were more advanced at the time of oviposition could withstand storage when
compared to embryos with less cellular development. Interestingly, it has been reported
that avian parthenogens exhibit delayed embryonic development and therefore may be
more susceptible to storage conditions. For example, Olsen (1975) reported that the first
cleavage in turkey parthenogenetic development is 2 h behind normal embryo
development because there is a delay in the first mitotic cell division. As opposed to a
normal fertilized chicken egg, which is in the gastrula stage of development at
oviposition (Fasenko, 2009), parthenogenetic embryos are only in the early blastula stage
of development (Haney and Olsen, 1958).
To avoid the negative impact that egg storage has on embryonic development,
some researchers believe that preincubation of fertilized eggs, either prior to or during
storage, improves embryonic development and viability. For example, Reijrink et al.
(2010) stored eggs for 15 d at 16°C and observed that eggs which were preincubated for
7 h at 37.8°C prior to storage and eggs which were preincubated 6 times for 30 min at
6

37.8°C during storage had a higher number of embryonic cells than eggs without any
preincubation treatment.
In order to obtain ideal and complete embryonic development and high
hatchability, suitable environmental conditions during incubation are also needed. These
conditions include: temperature, humidity, gaseous exchange, egg turning, and proper
egg orientation (Proudfoot and Hulan, 1983). The temperature and humidity requirements
of eggs can vary among species during incubation, but for the majority of avian species
the ideal temperatures are 37.5°C dry bulb, 28.3 – 30°C wet bulb, and relative humidity
of 50-59% (Cartwright, 2000). Because temperature is the major factor of concern for
embryonic development, Christensen et al. (2003) studied the effects of high incubational
temperatures on embryonic development of eggs stored for 3 or 15 d. They reported a
4.3% increase in embryonic livability for the higher temperature of 37.8°C as compared
to eggs incubated at a lower incubational temperature of 37.5°C. They also reported that
when the higher temperature was applied during the first week of incubation, the increase
in embryonic livability was even greater (6%). They concluded that embryos from stored
eggs which received the higher incubational temperature are more prone to survive due to
accelerated growth in the early stages of embryonic development. However,
parthenogenetic avian embryos may be very sensitive to egg storage temperature due to
their delayed development (Olsen, 1975).
Because normal embryonic development alters albumen characteristics and
because egg storage as well as parthenogenesis affects hatchability, research should be
conducted to determine how parthenogenesis impacts albumen characteristics and true
fertility of eggs as well as how egg storage affects parthenogenesis. Therefore, the current
7

study was divided into 3 different objectives. Because research has shown a negative
correlation between egg weight loss and parthenogenetic development (Wells et al.,
2012), the first objective was to determine if eggs from virgin hens exhibiting
parthenogenetic development exhibit alterations in ions, gases, and pH in the egg
albumen over incubation, as compared to eggs from virgin hens that do not exhibit
parthenogenesis. The second objective was divided into 3 experiments. Because
parthenogenetic development has been shown to decrease hatchability and increase early
embryonic mortality, the objective of the first study was to determine whether true
fertility is affected in mated hens exhibiting parthenogenesis as compared to hens that do
not exhibit the parthenogenesis trait. Fertility in these hens was determined by using
sperm-egg penetration to count the number of sperm holes in the perivitelline layer. In
order to determine if parthenogenesis occurs in mated quail hens selected for
parthenogenesis, the objective of the second experiment was to compare egg albumen
characteristics in eggs from virgin and mated hens which have exhibited parthenogenetic
development. Also, because parthenogenetic development resembles early embryonic
mortality, composed mostly of membranous development, the objective of the third
experiment was to determine if differences in egg albumen characteristics exist among
eggs exhibiting parthenogenetic development, infertile eggs, and eggs containing early
embryonic mortality. Finally, studies have shown that parthenogenetic embryos exhibit a
delay in development as compared to embryos from fertilized eggs (Olsen, 1975). It has
also been reported that the first egg in a clutch sequence is more likely to exhibit
parthenogenetic development (Parker and McDaniel, 2009), and that the first egg in the
clutch sequence remains longer in the hen’s body (Fasenko, 2009). Because the first egg
8

is incubated at the hen’s body temperature longer, it is possible that elevated storage and
incubational temperature can increase survival of the delayed parthenogen. Therefore, the
final objective was to investigate if different storage and incubational temperatures would
increase the incidence of parthenogenetic development in Chinese Painted quail.
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CHAPTER II
LITERATURE REVIEW

Fertilization
At puberty, avian species are receptive to light stimuli, which in turn orchestrates
hormone production from the hypothalamus, adenohypophysis, and gonads (Whittow,
2000). These hormones stimulate the development of sexual characteristics and
consequently the production of germinative cells, the spermatozoa and oocytes (Robinson
et al., 2003). In males, spermatogenesis occurs inside the testes located inside the body
cavity (Parker, 1949). The spermatozoa produced in the testis are stored in the epididymis
and vas deferens. During copulation, spermatozoa travel through these ducts and are
released into the cloaca (Parker, 1949).
The germinative cells for females are produced in the left ovary. At sexual
maturation, the ova are recruited from the ovary and oogenesis occurs. Prior to ovulation,
the chromosomes undergo the first meiotic division and the first polar body is extruded
from the female pronucleus at ovulation (Etches, 1996). The ovum is released from the
ovary into the oviduct, thus beginning the process of ovulation. When spermatozoa are
present, fertilization occurs in the infundibulum within 15 min of ovulation (Olsen,
1942a). At fertilization, the ovum completes the second meiotic division and extrudes the
second polar body (Etches, 1996). For the ovum to be fertilized, spermatozoa must
undergo an acrosomal reaction with the perivitelline membrane. The acrosome reaction
10

allows spermatozoa to penetrate the ova in the region of the germinal disc where the
female pronucleus is located (Okamura and Nishiyama, 1978). The spermatozoa
containing haploid chromosomes fuses with the ovum which also contains haploid
chromosomes. This fusion results in a single diploid cell called a zygote (Wilson, 1925).
Avian fertilization is different from that in most mammals because several spermatozoa
penetrate the germinal disc to ensure a fertile egg. In fact, a minimum of 30 spermatozoa
must penetrate the germinal disc area to maximize fertility (Bramwell, 1995). Even
though several sperm penetrate the perivitelline layer, only the DNA of one spermatozoa
combines with the DNA of the oocyte (Parker, 1949).
Fertility in commercial breeder eggs is an important factor in the poultry industry,
because fertile eggs produce the chicks which will be raised for meat production.
Therefore, problems involving fertility will generate losses in the poultry industry due to
decreased chick production. Bramwell (2002) reported that the intense genetic selection
which has been applied in commercial birds for many years has decreased hatchability,
with the main cause of this decrease being infertility (42%). Besides genetic selection,
several others factors have also been reported to affect fertility in commercial birds
including: breeder nutrition (Cerolini, 1995; Walsh and Brake, 1999; Tyler and Bekker,
2012), body weight (Sarabia Fragoso et al., 2013), heat stress (Karaca et al., 2002a;
Karaca et al., 2002b), and bird age (Gumulka and Kapkowska, 2005).
Due to the fact that fertility is extremely important to the poultry industry, it is
necessary to have methods to determine flock fertility (Robinson et al. 2003). Recently,
Wilson and Mauldin (2014) reported the current methods of fertility determination for
hatcheries and revealed the advantages and disadvantages of each method. For example,
11

fertility can be determined using fresh egg breakout which analyses the development of
the germinal disc. Analyzing freshly laid eggs can provide fast results (Wilson and
Mauldin, 2014) because embryos can be seen on the day of lay. The disadvantage of
determining fertility using fresh egg breakout is the loss of a potential chick (Wilson and
Mauldin, 2014).
Hatch residue analysis is another technique widely utilized in the poultry industry
(Wilson and Mauldin 2014). In this technique, after 21 d of incubation eggs that didn’t
hatch are opened and examined to determine at what stage of embryonic development the
hatchability failure occurred. The possible classifications of hatch failure are infertility
egg or stage of embryonic mortality such as early, middle, and late death as well as cull
chicks, cracked eggs, pipped eggs, and eggs with the small end up (Wilson and Mauldin
2014). Another technique similar to hatch residue analysis consists of candling eggs at 7
d of incubation. When candling eggs at 7 d, this technique detects eggs with no
embryonic development and eggs containing early embryonic mortality. Eggs containing
no development or early embryonic mortality are broken out to determine overall
fertility. The advantage of this method is that results can be obtained faster and are more
accurate than hatch residue analysis. Although hatch residue and candling eggs at 7 d are
relatively easy and economical, the results can be erroneous. For example, embryos
which die in the first 24 h of incubation have no blood formation and can be classified as
infertile. Also, embryos that die in the very early stages of incubation undergo blastoderm
degeneration and appear as infertile eggs during hatch residue analysis (Robinson et al.
2003).
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A laboratory method used to determine fertility is the analysis of chicken egg
albumen proteins (Qiu et al., 2013) which differentiates between fresh fertilized and fresh
unfertilized eggs. Using 2-dimensional gel electrophoresis-based proteomic analysis, Qiu
et al. (2013) reported that fertile eggs had different concentrations of proteins from the
ovalbumin protein family as compared to infertile eggs. They also reported that
ovalbumin-related protein Y is more than 10 fold higher in fertilized eggs as compared to
unfertilized eggs.
Another laboratory method used to study sperm-egg interaction was developed by
Bramwell et al. (1995). This technique examines the number of sperm that penetrate the
perivitelline layer and is correlated to fertility. To develop this technique, hens were
mated with roosters exhibiting high fertility. Eggs were then collected and analyzed for
sperm egg penetration (SEP) by counting the number of sperm holes in a 1.35 mm2 area
around the germinal disc. The results showed an average of 162.8 spermatozoa penetrated
the perivitelline layer. After removal of the roosters, SEP declined with the duration of
fertility over 14 d. In a second trial, Bramwell et al. (1995) examined the relationship of
fertility and artificial insemination dose (AI). In that study, different hen groups were
inseminated with one of 3 AI doses: 25, 50, or 100 million sperm/µL. Results of SEP
revealed that as the AI dose concentration decreased there was a decrease in the mean
number of sperm holes as well a significant correlation between the number of sperm
holes and fertility.
However, sperm are not always required for embryonic development to occur.
Avian eggs are also capable of embryonic development without fertilization, through a
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process called parthenogenesis (Olsen, 1975). Parthenogenesis will be discussed in
greater detailed later in this chapter.
Embryonic development
Avian and mammalian embryonic development can be differentiated by two main
characteristics. First, the mammalian embryo develops inside the female’s body, and it
receives the protection and nutrients needed to develop while inside the mother’s uterus.
On the other hand, chick embryos develop inside of an egg, outside of the female’s body.
Therefore, once the egg is laid, there is no nutrient contribution or protection from the
avian female. Therefore, everything the embryo needs for development is inside the egg.
Because the chick embryo develops outside of the mother’s body, the large egg yolk
serves as the chick’s main source for nutrients. The second characteristic where mammals
differ from poultry is that mammalian oocytes are very small, enabling holoblastic
cleavage in which the total yolk divides and produces cells of the same size (Fasenko,
2009). On the other hand, the avian oocyte is very large in comparison to mammals.
Because the avian yolk is so large, total egg yolk cleavage is impossible resulting in a
discoidal meroblastic cleavage, where only cells located on the animal pole (blastodisc)
undergo divisions (Gilbert, 2000; Fasenko, 2009).
In poultry, after the ovum is fertilized in the infundibulum, the newly created
zygote undergoes successive mitoses during the same time in which the egg is formed in
the oviduct (Etches, 1996; Fasenko, 2009). When the egg enters the shell gland, the
embryo will be approximately 14-16 cells in size. While in the shell gland, the embryo
continues to grow, and after 5 h of cellular development, the embryonic cells begin to
separate. This separation of embryonic cells occurs in the egg yolk by the deposition of
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fluid under the embryonic cells, which are increasing in number, forming a sheet of
epithelial cells called a blastoderm (Etches, 1996). While the egg is still in the shell
gland, the first morphogenetic change of the embryo occurs resulting in the area
pellucida. In this process embryonic cells in the center of the blastoderm shed into the
egg yolk and disintegrate (Etches, 1996). The cells which border the blastoderm that are
attached to the yolk are called the area opaca, which will generate the extra-embryonic
membranes. By the time of oviposition, the chicken embryo will consist of approximately
40,000 to 60,000 cells and it is in the gastrula stage (Fasenko, 2009).
After the fertilized egg is laid, the time required for the chick embryo to develop
completely is 21 d. Blake et al. (2001) reported embryonic development macroscopically
on each day of incubation. During the first 7 d of embryonic development, there is
considerable growth of the blastodisc with blood formation on the second day of
development. Also, development of the circulatory system occurs in the 3rd d, and the
brain develops by the 4th d. The 7th d is marked by the development of the egg tooth.
Between the 7th to the 14th d of development, the main characteristics of embryonic
development that occur during this period are the formation of feathers, calcification of
bones, and the appearance of comb and wattles. In the last phase of development, which
occurs from the 14th to 21st d, there is a rapid growth of the chick, absorption of the yolk
sac into the body cavity, and preparation for hatching. At day 20 of development, the
chick starts to pip the egg shell to complete hatching at day 21.
To determine the degree of embryonic differentiation and growth, methods have
been developed to classify the stages of embryonic development. For example,
Hamburger and Hamilton (1951) classified detailed stages of embryonic development in
15

chickens. They reported two embryonic development classifications before the egg is
laid. These classifications are early and late cleavage. After the egg is laid, embryonic
development was classified into 46 stages according to embryonic morphological
characteristics. On the other hand, Eyal Giladi and Kochav (1976) and Kochav et al.
(1980) also classified embryonic development in the early phases of chicken
development. Kochav et al. (1980) described the cleavage process of an embryo while in
the uterus, the formation of area pellucida at the moment of oviposition, and the primary
hypoblast formation during a brief period of incubation.
Because there was a lack of common reference for embryonic development in
different poultry species, Sellier et al. (2006) compared the stages of embryonic
development in chicken, turkey, duck, goose, guinea fowl, and Japanese quail embryos.
They reported that the stage and rate of development of the embryonic blastoderm from
different species can vary at the moment of oviposition. However, the pattern of
developmental characteristics of the embryo, regardless of the avian species, was
identical in each stage of embryonic development.
Interestingly, parthenogenetic development in avian embryos, which occurs
without fertilization, is at a slower rate as compared to an embryo from a fertilized egg.
For example, parthenogens are only in the early blastula stage of development at the
moment the egg is laid (Haney and Olsen, 1958). Also, parthenogenetic embryos of
Chinese Painted quail often do not show embryonic differentiation after 10 d of
incubation appearing as an embryo from a fresh fertilized egg (Parker and McDaniel,
2009). Similarly, in BSW turkeys, parthenogenetic development consists of layers of
membranes around the yolk and it often appears as early embryonic mortality in fertilized
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eggs (Olsen, 1975). However, occasionally turkey parthenogen do advance to the later
stages of embryonic development and even hatch (Olsen, 1975).
Because this form of reproduction in avian species is often abortive and difficult
to differentiate from normal embryos early in development, a method to easily identify
minute parthenogenetic development, including modifications of egg albumen by
embryonic growth, should be examined.
Egg albumen characteristics
The components of the egg are divided into the egg yolk and albumen as well as
the shell membranes and egg shell which represents 32-35% and 52-58% as well as 914%, respectively. These components provide water, proteins, lipids, carbohydrates,
minerals, and vitamins to the embryo during embryonic development (Etches, 1996).
Approximately 88% of the egg albumen is composed of water (Etches, 1996) which plays
an important role in the chemical reactions for living tissues, the transportation of
minerals, and for controlling homeostasis (Romanoff and Romanoff, 1967).
After fertilization, embryonic cells are in the process of development and
therefore modifying the microenvironment inside of the egg. For example, the embryo
metabolizes nutrients within the egg according to each phase of embryonic development.
The metabolism of nutrients at different stages of development allows the embryo to
follow a normal growth curve (Romanoff and Romanoff, 1967). Even during the early
stages of embryonic development, cells are utilizing oxygen to break down carbon
components for the generation of energy for tissue growth. As a consequence, carbon
dioxide and water are produced in the process of cellular respiration (Romanoff, 1949).
According to Romanoff and Romanoff (1967), the utilization of oxygen by embryonic
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cells can be considered as a “measure of life”, because it means that chemical changes are
occurring during embryonic cell respiration.
Many studies have been conducted to investigate the alterations in egg
components during embryonic development and the differences that occur between a
fertile egg and an infertile egg. For example, Romanoff and Romanoff (1967) reported
that in fertile eggs the oxygen concentration decreases over incubation because of embryo
consumption, and carbon dioxide production increases continuously during embryonic
development
Also during incubation, albumen pH is altered when comparing fertile to infertile
eggs. For instance, during the first week of incubation at 24 h intervals, Qiu et al, (2012)
measured the albumen pH in fertile and infertile eggs. Within 24 h after oviposition, they
obtained an albumen pH of approximately 8.25 for both fertile and infertile eggs
collected. In the second day of incubation, the albumen pH had increased to
approximately 9.40 in both fertile and infertile eggs. The abrupt rise in albumen pH on
the second day of incubation is due to the loss of CO2 from the egg into the environment,
because when the egg is laid, carbon dioxide content within the egg is higher than the
environment (Romanoff and Romanoff, 1967). Dawes (1975) reported that the CO2
present in albumen combines with water forming carbonic acid which dissociates into
bicarbonate and hydrogen ions causing a decrease in pH. However, when CO2 is low in
the egg albumen, the chemical reaction is reversed with the formation of less hydrogen
ions consequently increasing the albumen pH. Qiu et al. (2012) also reported that, after
the second day of incubation, the pH in fertilized eggs decreased gradually reaching 8.34
at day 7 of incubation. Yet during this same period, unfertilized eggs showed a constant
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increase in albumen pH after the second day of incubation reaching approximately 9.6 at
7 d of incubation. Similar results were observed by Romanoff and Romanoff (1967).
When Romanoff and Romanoff (1967) plotted the albumen pH of different species, a
similar pattern of alterations in albumen pH was observed during embryonic
development. All species observed exhibited a low albumen pH in fresh eggs (7.6).
However, by the second day of incubation, albumen pH increased to 9.3, yet after the
third day of incubation the pH decreased below 7, and remained there throughout
incubation.
Also, Qiu et al., (2012) studied the changes in albumen proteins during the first
week of embryonic development. By using 2-DE proteomic analysis, Qiu et al., (2012)
reported an increase in eight proteins in fertilized eggs during incubation as compared to
unfertilized eggs. They also reported that one ovalbumin protein was absent in the egg
albumen prior to incubation. However, throughout incubation there was an increase in
this protein suggesting that it plays an important role in embryonic development.
Additionally, as the embryo develops and utilizes nutrients within the egg,
metabolic water is produced (Ar and Rahn, 1980). This production of water results in a
higher vapor pressure within fertilized eggs as compared to infertile eggs. Furthermore,
osmotic pressure inside the fertilized egg decreases as the production of metabolic water
increases. Metabolic water production may contribute to the initial liquefaction of
albumen seen in fertilized eggs.
Using broiler eggs, Benton et al. (2001) studied albumen liquefaction in fertile
and infertile eggs. In their study they analyzed effects of the blastoderm on albumen
liquefaction prior to incubation and after 2 h of incubation. By measuring albumen height
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and pH, they found that prior to and after 2 h of incubation the albumen height was lower
in fertilized eggs as compared to unfertilized eggs. They also reported that fertilized eggs
had a higher albumen pH prior to incubation as compared to unfertilized eggs.
Egg storage
While the egg is in the oviduct, it is incubated at 41°C, the hen’s body
temperature, until oviposition (Schulte-Drüggelte, 2011). However, after oviposition the
egg is exposed to environmental temperatures for an undetermined amount of time. For
example, in the poultry industry fertile eggs are produced at a poultry breeder farm for
subsequent chick production. However, these eggs are not usually incubated the same day
in which they were laid. Instead, these eggs remain at the breeder farm for a period of
time due to transportation issues, farm location, hatchery distance, incubator space, and
the number of eggs produced at each farm (Fasenko, 2007). Because the laid eggs remain
at the breeder farm for a period of time, egg storage at the farm is a common practice
used in the poultry industry. To insure proper egg storage at the breeder farm, a
combination of low storage temperature and high relative humidity is necessary
(Proudfoot and Hulan, 1983) for the preservation and viability of the embryo. In fact, to
preserve embryo viability for later incubation, freshly laid eggs need to be rapidly cooled
from the hen’s high body temperature of 41°C to 20°C (Bramwell, 2008).
To ensure embryo viability, embryos are held at a temperature called
“physiological zero”. Physiological zero is defined as the temperature in which there is a
reduction in the growth rate of embryonic cells, preserving physiological function of
these cells for later incubation (Edwards, 1902). In fact, the main objective of keeping
embryos at physiological zero temperatures is to slow cell division. Because different
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embryonic cells undergo cell division at different temperatures ranging between
physiological zero and normal incubational temperatures, storage at temperatures above
physiological zero result in embryonic cells developing in an abnormal manner thus
leading to increased embryonic mortality (Robinson et al., 2003; Lundy, 1969).
Several studies have been conducted to determine the correct temperature for
physiological zero. According to Edwards (1902), embryogenesis initiates at 20°C and
above. Other studies have shown that physiological zero temperatures range between 25
to 27°C (Lundy, 1969; Funk and Biellier, 1944). However, eggs exposed to temperatures
ranging from 27°-37°C showed unstable embryonic development and consequently
increased early embryonic mortality (Schulte-Drüggelte, 2011). Although a vast range for
physiological zero temperatures have been reported, the most common storage
temperature recommended for the poultry industry is 20°C with an actual range from
15.6 and 23.9°C (Bramwell, 2008).
The length of storage is another factor that influences egg storage temperature.
For example, when length of storage and improper storage temperatures are combined,
embryonic development and consequently hatchability are impacted (Tona et al., 2004).
Therefore, optimal egg storage temperatures are required for different lengths of storage
(Butcher and Nilipour, 2002; Proudfoot and Hulan, 1983; Proudfoot, 1969; SchulteDrüggelte, 2011). For short periods of egg storage, higher storage temperatures have been
shown to improve hatchability (Mayes and Takeballi, 1984). For example, SchulteDrüggelte (2011) recommended that eggs be exposed to storage temperatures of 21–22
°C if stored up to 4 d. Butcher and Nilipour (2002) revealed that eggs stored for 3 d at
18°C and at a78% RH achieved maximum hatchability. However, at this storage
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temperature, hatchability decreased as the length of egg storage increased. In fact, after
25 d of storage, hatchability completely failed. On the other hand, lower storage
temperatures have been reported to improve hatchability for eggs stored longer than 4 d.
For example, Olsen and Haynes (1948) reported optimum hatchability for eggs stored
from 6 to 8 d when the egg storage temperature was about 12 °C.
It is possible that the decline in hatchability, due to egg storage, is because an
increase in storage length causes delays in embryonic development consequently
increasing the length of incubation (Arora, 1965; Tona et al., 2003, Mather and Laughlin,
1976). For example, Fasenko and Robinson (1998) investigated the impact of short and
long term egg storage on early embryonic development and length of incubation. In their
study, Fasenko and Robinson (1998) stored chicken eggs for 4 or 14 d at 17.5°C. After
completion of the storage period, eggs were then incubated at the standard incubational
temperature, and embryonic development was monitored over different periods of time.
Embryonic development was determined according to Eyal-Giladi and Kochav (1976).
The results showed no differences in embryonic development during the first 3 h of
incubation in eggs from both storage periods. However, after 6 and 12 h of incubation,
embryos from eggs stored for 4 d were more developed than embryos from eggs stored
for 14 d. They also reported that after 12 h of incubation, the majority of the embryos
from eggs stored for 4 d were in stage XIV of development. However after 12 h of
incubation, embryos from eggs stored for 14 d were found to be in stage XIV and XIII of
embryonic development. Yet some embryos were at stage X and appeared as embryos
from freshly laid eggs. Fasenko and Robinson (1998) also reported that embryos from
eggs stored for 14 d took 10 h longer to hatch than did eggs from 4 d of storage.
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According to these results, they reported that embryos from eggs stored an extended
period of time probably do not develop in the same manner as eggs stored for less time. It
is possible that embryos develop at different metabolic growth rates as length of storage
increases. Using eggs from flocks of different ages, Mather and Laughlin (1976) also
reported that incubated eggs stored for 7 or 14 d did not reached the same stage of
embryonic development when compared to the non-stored eggs. Also, the delay in
embryonic development was greater for eggs stored for 14 d as opposed to eggs stored
for 7 d.
In order to study the effects of storage on embryonic development, Fasenko et al.
(2003) studied the difference in CO2 production during incubation in embryos from eggs
stored for 4 or 15 d. During that study a sample of eggs were opened to determine the
stage of embryonic development while another sample of eggs were placed in a small,
airtight chamber inside an incubator to measure CO2 production. After 6 d of incubation,
eggs stored for 4 or 15 d had low CO2 concentrations. However, CO2 increased every day
after 6 d of incubation, demonstrating that as the embryo grows, more CO2 is released
into the environment from the embryo. Eggs stored for 4 d had a higher CO2
concentration from 4 to 18 d of incubation as compared to eggs stored for 15 d. The
results revealed that embryos from eggs stored for 4 d had a higher metabolic rate and
grew faster than did eggs stored for 14 d. Interestingly, infertile eggs showed very little
production of CO2 over incubation.
Hurnik et al. (1978) examined the relationship between albumen quality and
hatchability in fresh and stored eggs. They analyzed chicken eggs that were divided into
3 groups according to the haugh unit value, a measure of albumen quality. The results
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revealed that the group with the highest haugh unit value in fresh eggs had less albumen
deterioration after 3 wk of storage at 12°C. They also reported that fresh eggs with higher
haugh unit values had a higher hatchability rate than did those with lower haugh unit
values. The improvement in hatchability was obtained when the haugh unit was above 80
in both fresh and stored eggs. Also, hatchability in eggs stored for 3 wk increased as the
haugh unit value increased in each group. The authors suggested that high haugh unit
values are related to the retention of ovomucin after storage. Therefore, eggs exhibiting
high haugh unit values were more prone to preserve ovomucin and nutrient levels for
embryonic development.
It has also been reported that as storage length increases, there is an increase in
embryonic morphology abnormalities (Sittiman et al., 1971; Mather and Laughlin, 1976),
a decrease in hatchability (Fanseko et al., 2001a; Whitehead et al., 1985; Proudfoot,
1969; Funk, 1934), and reduced broiler chicken performance in the brooder house
(Butcher and Nilipour, 2002). Aurora and Kosin (1966) studied progressive
morphological changes in the blastoderms from chicken and turkey eggs stored at 13°C
and incubated at 37.5°C for 24 to 36 h. Through a small window in the egg shell, Aurora
and Kosin (1966) monitored morphological changes in the blastoderms. Blastoderms
were analyzed 4 times during storage at 13°C and classified as a normal blastoderm (A),
initial fluxation (B), conspicuous nucleus of pander (C), initial vacuolation (D), initial
moribundity (E), and terminal moribundity (F). When the stored blastoderms showed no
additional morphological changes during storage, eggs were then incubated. Aurora and
Kosin (1966) found degenerative changes in blastoderm stages D, E, and F, and this
degeneration increased over length of storage. In fact, stored turkey blastoderms showed
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degenerative changes earlier (2-3 d) than did chickens (7-10 d) when eggs were stored at
13°C. Stored chicken and turkey blastoderms found in stages A, B, and C were able to
develop normally when eggs were incubated. However, embryos in stage D showed
abnormal development or mortality, and those in the E and F stages resulted in mortality
or blastoderm disintegration during incubation. In another study that examined the effect
of storage on blastoderms, Mather and Laughlin (1976) reported that egg storage for
either 7 or 14 d caused the blastoderm to shrink. When shrinkage of the blastoderm was
extreme, the shrinkage resulted in embryo mortality whether eggs were stored for 7 or 14
d.
The stage of embryonic development at oviposition has also been reported to
affect the ability of the embryo to survive storage (Butler, 1990; Bakst and Akuffo, 2002)
as well as affect the number of embryonic cells and cell activity (Reijrink, et al., 2010).
Coleman and Siegel (1966) examined embryonic development in two different lines of
birds during egg storage. They found that embryos which were more advanced at
oviposition could withstand storage when compared to embryos with less cellular
development.
To avoid the negative impact that egg storage has on embryonic development,
some researchers believe that preincubation of eggs, either prior to or during storage,
improves embryonic development and viability. For example, Reijrink, et al. (2010)
stored eggs for 15 d at 16°C and observed that eggs preincubated for 7 h prior to storage
or eggs preincubated 6 times for 30 min at 37.8°C during storage had a higher number of
embryonic cells than embryos without any preincubation. Because there was a decline in
the number of embryonic cells in eggs not preincubated, they suggested that embryonic
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development in the untreated eggs was suppressed. Lack of preincubation during storage
decreased embryonic cell viability resulting in abnormal development or cellular
mortality. However, hatchability and chick quality from eggs that were preincubated
during storage showed no improvement when compared to eggs that were not
preincubated during storage. In another study, Fasenko et al. (2001b) reported an increase
in the survival rate of turkey embryos when eggs were preincubated at 37.5°C for 12 h
prior to storage for 14 d at 17.4°C. Kosin (1956) reported that hatchability was improved
in turkey eggs when a single 5 h preincubation of 37.6°C was applied before 7 d of egg
storage at 11.7°C. By pre-warming the eggs prior storage, Kosin (1956) also reported a
decrease of 2-7 h in the length of incubation. Dymond et al. (2013) also studied the
effects of preincubation and egg storage and its effect on hatchability. They examined
eggs that were preincubated at 37.5°C for 4 h at intervals of 4-5 d over 21 d of storage.
They reported that hatchability was 84% in eggs that were preincubated at 37.5° for 4 h
during the 21 d of storage as compared to hatchability of only 71% in eggs without any
preincubation treatment over the 21 d storage period.
The previous research has shown that both the length of egg storage and egg
storage temperature have a major impact on embryonic development and viability.
Embryonic development and viability is extremely important because if an embryo is lost
during storage, it is an economic loss to the poultry industry. However, incubation of the
embryo after storage also has a major impact on chick or poult production.
Egg incubation
In poultry, the embryo develops mostly outside of the female’s body, through the
process of incubation. In wild avian species, eggs are incubated in nests under parental
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care. However, eggs for use in commercial poultry production are artificially incubated in
commercial incubators that have a capacity for thousands of eggs. For ideal and complete
embryonic development, environmentally controlled temperature, humidity, gaseous
exchange, egg turning, and egg orientation are extremely important during incubation for
optimum hatchability (Proudfoot and Hulan, 1983).
Temperature is the most important factor for normal embryonic development.
However, relative humidity also plays an important role during incubation. Using chicken
eggs, Barott (1937) studied different incubational temperatures and humidity. Barott
(1937) reported that the greatest hatchability was obtained when eggs were incubated at
either 38.9°C and 58% RH or 37.8°C and 61% RH. Temperature and humidity
requirements can vary among species during incubation, but for the majority of species,
the ideal temperatures are 37.5°C dry bulb, 28.3-30°C wet bulb, and relative humidity of
50-59% (Cartwright, 2000). In chickens, from the 1st through the 18th d of incubation,
eggs can be incubated at 37.5°C with a relative humidity of 55-60%. Yet during the last 3
d of incubation, the incubational temperature can remain the same but with a higher
percentage of humidity (Cartwright, 2000). However, research has shown that
temperature can also change during the period of incubation. According to Robinson et
al. (2003), incubational temperatures for broiler breeder eggs range between 37.5 and
37.8°C. However, due to the heat produced by the embryo, this temperature can be
decreased to 37°C in the last 3-4 d of incubation when the eggs are transferred to the
hatchers.
When eggs are incubated, there needs to be a balance between temperature and
humidity because this balance controls water loss during incubation (Ar, 1990). The
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reason that temperature and relative humidity must be balanced is because approximately
12-14% of the water in the egg needs to evaporate during incubation. This percentage of
water loss provides optimum conditions for embryonic development and hatchability (Ar
and Rahn, 1980). When the humidity is low, there is too much water loss during
incubation and it can cause problems for the embryo. For example, low humidity causes
improper embryo turning within the egg and egg shell membranes. As a result, it is
difficult for the embryo to break through the egg shell, and these chicks often have an
open navel in which the chick can be invaded by bacteria. On the other hand, incubating
eggs in high humidity result in eggs that do not lose enough water. Because there is too
much water in the egg, this can cause the embryo to drown because the air cell is too
small. As a result, there is not enough O2 available when the chick pips internally. Also,
the embryo will not be able to absorb the yolk sac properly, resulting in an open navel
(Cartwright, 2000).
Egg turning during incubation is another factor that must be controlled. For
example, when eggs are not turned during initial embryonic development, it has been
reported that embryonic mortality is increased. Also, improper egg turning affects the
exchange of O2 and carbon dioxide (Robinson et al., 2003), adhesion of the embryo to the
egg shell membranes (New, 1957), membrane growth, fluid transport, embryonic growth,
and hatchability (Deeming, 2009). For optimum hatchability results, the best frequency of
egg turning during incubation has been reported to be one turn per hour (Robinson et al.,
2003; Deeming, 2009).
Even when using optimum incubational temperature and relative humidity, the
time required for an avian embryo to hatch can vary widely among avian species. For
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example, quail (Coturnix), chicken, turkey, duck, and ostrich require 16, 21, 28, 28, and
42 d, respectively (Berry, 2009; Cartwright, 2000). Different factors have been reported
that increase the length of the incubational period including the sex of the embryo
(Burke, 1992) and genetic selection (Christensen, 2000). The practice of egg storage has
also been reported to affect the length of incubation. It has been suggested that stored
eggs extend the incubational period because these embryos have a slower rate of
development during the first week of incubation. As a result, embryos are not able to
begin development immediately when normal incubation temperatures are provided
(Robinson et al., 2003). For instance, Olsen (1942b) studied incubational length in 2
groups of turkey eggs. He reported that eggs stored from 1 to 8 d and from 9 to 16 d at
55°F and 90% RH showed no difference in the time required to complete incubation.
However, there was variation within the hatch period for eggs in the same storage group.
In fact, within each storage group hatch differed as much as 66 h from the time the first
egg hatched to when the last egg hatched. This difference in hatch time among eggs could
be due to the difference in egg weight because as egg weight increases, the hatch period
also increases. In stored eggs, Christensen et al. (2003) studied the effects of high
incubational temperatures on embryonic development. They hypothesized that high
incubational temperature could accelerate embryonic development which would possibly
lead to more viable embryos. In eggs that were stored for 3 or 15 d at 12.8 °C and
incubated at 37.8°C during the first 2 wk of incubation, they reported a 4.3% increase in
embryonic livability as compared to eggs incubated at 37.5°C. They also reported that
when the higher temperature was applied during the first wk of incubation, the increase in
embryonic livability was even greater (6%). They concluded that embryos from stored
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eggs which received the higher incubational temperature were more prone to survive due
to accelerated growth during the early stages of development. The embryonic survival
rate was also improved in the second wk of incubation at the higher temperature. Because
Christensen et al. (2003) were able to accelerate early embryonic development and
viability by increasing the incubational temperature, maybe higher incubational
temperatures would also improve embryonic survivability of parthenogens which exhibit
delayed development (Olsen, 1975).
Parthenogenesis
Parthenogenesis is a unique form of embryonic reproduction and in the 1800’s
was defined as the development of a new individual from a cell without influence of a
male (Owen, 1849; von Siebold, 1856). More recently Suomalainen (1950) defined
parthenogenesis as “the development of the egg cell into a new individual without
fertilization”. The phenomenon of parthenogenesis was first reported by Charles Bonnet,
a naturalist and philosopher from the mid-eighteenth century. In his study, Charles
Bonnet isolated aphids at the moment of birth. Interestingly, after eleven d from birth
they gave birth to live young aphids (Lawrence, 2010). From that time to the present,
parthenogenesis has been discovered in many different species (Owen, 1849;
Suomalainen, 1940; Kosin, 1945; Olsen and Marsden, 1954; Parker and McDaniel,
2009).
The majority of parthenogenesis occurs in invertebrates. In fact, approximately
90% of the cases of parthenogenesis recorded occur in invertebrate species. However, the
establishment of parthenogenesis in the higher orders of the animal kingdom seems to be
difficult (White, 1954; Suomalainen, 1950). For example, parthenogenesis occurs in
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scorpions (Lourenço, 2008; Makioka and Koike, 1984), bees (Crozier and Pamilo, 1996;
Moritz and Kauhausen, 1984), and wasps (Kraaijeveld, 2009). Yet, parthenogenesis is
much more rare in vertebrates such as fish (Chapman, 2007), amphibians (Booth et al.,
2011; Groot, 2003; Fraser, 1971; Kinney, 2013), reptiles (Lenk, 2005; Watts et al., 2006),
and birds (Kosin, 1945; Olsen and Marsden, 1954; Sarvella, 1970; Schut et al., 2008;
Parker and McDaniel, 2009).
Suomalainen (1950) classified parthenogenesis into 2 groups. The first group is
occasional or accidental parthenogenesis in which an unfertilized egg can occasionally
develop by parthenogenesis. Occasional or accidental parthenogenesis is extremely rare.
For example, the occurrence of this type of parthenogenesis was widely discussed in the
1950’s due to its possibility in humans (Spurway, H, 1955; Balfour-Lynn 1956; Cohen,
1955). The second type of parthenogenesis is referred to as normal parthenogenesis and
can occur as obligatory parthenogenesis in which the egg will always develop by
parthenogenesis or as facultative parthenogenesis where the egg can be fertilized or
develop parthenogenetically.
There are three types of obligatory parthenogenesis: constant or complete,
cyclical, and paedogenesis. In constant or complete parthenogenesis, all generations will
develop by parthenogenesis. Examples of constant or complete parthenogenesis are
Ephemoroptera (Cloeon triangulifera) reported by Gibbs (1977) and mayflies (Caenis
cuninana) by Froehlich, (1969). Most of the species that reproduce by complete
parthenogenesis have the disadvantage of lacking gene recombination when compared to
species which develop sexually from fertile eggs. As a result, species developing
parthenogenetically have the disadvantage of low adaptability to the environment,
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causing possible extinction or return to sexual reproduction (White, 1954; Suomalainen,
1950). However, because females can produce female parthenogens in the next
generation, the population of females can double in size as compared to the population
that reproduces sexually (White, 1954; Suomalainen, 1987).
For cyclical parthenogenesis, generations alternate between sexual reproduction
and parthenogenetic development. This type of parthenogenetic development has been
reported in different animal groups, such as Trematoda, Rotifera, Crustecea, Aphidae,
Diptera, and Coleoptera (Suomalainen, 1950). According to Suomalainen, (1950) cyclical
parthenogenesis depends on environmental conditions. For example, Daphnia
(Cladocera) can alternate between parthenogenetic development and sexual reproduction
depending on the quality of food available (Koch, 2009). Using cyclical parthenogenesis
to reproduce offspring, aphids are able to take advantage of both sexual and
parthenogenetic means of reproduction. Through parthenogenetic reproduction, aphids
can increase the population at a high rate; yet during sexual reproduction, recombination
of genes can be obtained increasing the aphid’s adaptability to the environment (White,
1954).
In paedogenesis development, some species in the larval stage of development are
able to produce eggs and new individuals by parthenogenesis. Examples of species that
are capable of creating offspring by paedogenesis are Trematoda, Cecidomyidae, and
Micromalthus (Suomalainen, 1950). This type of development has the advantage of
accelerated offspring reproduction increasing the population, favoring species which are
exposed to a high rate of predation. For example, larvae of Ctenophore (Mertensia ovum)
reported by Jaspers et al. (2012) have the advantage of paedogenesis.
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The other classification of normal parthenogenesis is referred to as facultative
parthenogenesis, in which an egg can be either fertilized to create offspring or offspring
may develop by parthenogenesis. Examples of this group are turkeys (Olsen and
Marsden, 1954) and Komodo Dragons (Watts et al., 2006). In facultative
parthenogenesis, even though females can be fertilized by males, eggs can develop either
asexually or sexually.
Embryos originating by parthenogenesis can be classified according to their sex.
These classifications are arrhenotoky, thelytokous, and deuterotokous (Soumalainen,
1950). In arrhenotoky species, males come from unfertilized eggs and females are from
fertilized eggs (Suomalainen, 1950). For example, species of Hymenoptera (Bourke,
1988), mites, ticks and rotifers (Bull, 1983) are arrhenotoky. In hymenopteran species,
arrhenotoky parthenogenesis develops diploid females from fertilized eggs yet haploid
males from infertile eggs. Another type of classification is thelytokous parthenogenesis
which is the development of females from unfertilized eggs. For example, Makioka and
Koike (1984) analyzed parthenogenesis in a viviparous specie of scorpions (Liocheles
australasiae) and reported that all specimens collected were females and that offspring
produced from parthenogenetic females were females. Edward et al. (2012) found that
termites (Reticulitermes viginicus) use either sexual or asexual means of reproduction to
produce different caste members. For example, the neotenics used for queen succession
are produced by parthenogenesis while workers are produced sexually. Also, Doums et
al. (2013), showed that the queen of the ant species Cataglyphis cursor produces Gynes
for queen succession through parthenogenesis. In some cases unfertilized eggs can
develop into both sexes, in a process called deuterotokous parthenogenesis. For example,
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Jesiotr and Suski (1970) reported deuterotokous development in the two spotted spider
mite (Tetranychus urticae).
There are several forms of parthenogenetic development present in invertebrates.
Although parthenogenesis predominantly exists in invertebrates, facultative
parthenogenesis does occur in birds (Olsen, 1975).
Parthenogenesis in birds
The occurrence of parthenogenesis in some animal species is normal, and
sometimes parthenogenesis is the only form of offspring production. However, when
parthenogenetic development extends to warm-blooded vertebrates, there is a decline in
viable embryos (Mittwoch, 1978). For example, in some species such as domestic avian
species, parthenogenesis can be a spontaneous and abortive form of embryonic
development (Olsen, 1975), potentially decreasing offspring production and therefore
resulting in economic losses.
In the avian species, parthenogenesis has been studied since 1872 when it was
first reported by Oellacher in chicken hens. From that time on, many scientists have
investigated this phenomenon in domestic birds (Kosin; 1945; Olsen and Marsden, 1954;
Sarvella, 1970; Cassar, 1998; Parker and McDaniel, 2009).
In an attempt to clarify the occurrence of parthenogenesis in domestic fowl
(Gallus gallus), Kosin (1945) examined sectioned blastodiscs of fresh eggs from virgin
and non-mated Barred Rock and White Leghorn hens. From the 100 blastodiscs
examined, 15% of the blastodiscs showed cells containing intact nuclei and in the process
of mitosis. However the duration of mitosis was brief, terminating at approximately 24 h
after oviposition. Olsen (1966a) macroscopically analyzed parthenogenesis (blastodisc
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greater than 6mm) in different breeds and strains of chickens. No evidence of
parthenogenesis was found in New Hampshire, Araucanas, or game birds. However, in
other strains examined, from the 1,143 eggs classified as containing parthenogenetic
development, 1,136 were from Dark Cornish, Silver Cornish and Cornish crosses. Dark
Cornish chickens showed the highest incidence (6.38%) of parthenogenetic development
followed by birds which had Cornish as a progenitor.
In another study, Olsen (1966b) mated hens exhibiting a high incidence of
parthenogenesis (average 32.7%) to either a male from a female line that exhibited a high
incidence of parthenogenesis (Dark Cornish) or to males from a line that was not
parthenogenetic (White leghorn). Results obtained were similar to the previous
experiment (Olsen, 1966a), where the parental birds exhibiting parthenogenesis had a
predisposition for transmitting the parthenogenesis trait to their offspring.
In Beltsville Small White turkeys (BSW), Olsen and Marsden (1953) also found
natural parthenogenesis. Their investigation started when BSW turkey hens showed a
rapid decline in fertility, leading the authors to study possible hypotheses that might
explain this decline in fertility. The first hypothesis proposed by Olsen and Marsden
(1953) included mating problems. To study mating issues, BSW females were isolated
from males for future artificial insemination (AI); because if the problem was mating, AI
would produce poults. Before testing this hypothesis using AI, eggs from isolated BSW
hens were incubated and opened to determine sperm survivability in the hen’s oviduct.
When these eggs were examined, 16.3% of them showed a type of retarded embryonic
development which persisted for a period of 224 d after hens had been separated from
males. Because hens had been in contact with males at one time, another study was
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conducted by Olsen and Marsden (1954) to confirm these findings. Females were
separated from males prior to sexual maturation at 4 and 12 wk of age. After sexual
maturation, eggs from these virgin hens were macroscopically analyzed and data revealed
that 14.1% of the 1463 eggs examined contained parthenogenetic development. In the
same trial, Olsen and Marsden (1954) sectioned blastodiscs and found that cells were
undergoing mitosis in eggs exhibiting parthenogenesis. In a different study, Olsen (1956)
analyzed 5,930 eggs from BSW hens and found that 22% of the eggs examined exhibited
parthenogenesis. Approximately 20% of the eggs exhibiting parthenogenesis only
contained membranous development. Although the incidence of parthenogenesis was
high in that study, very few advanced embryos were found (0.7%) and only 1 poult
hatched. Additionally, in over 30 years of parthenogenesis research by Olsen and others
(Olsen, 1975) only male parthenogens were produced indicating that turkeys exhibit
arrhenotoky facultative parthenogenesis.
Due to hatchability and infertility problems reported by turkey producers, and the
findings of parthenogenesis in BSW turkeys, Olsen (1962) investigated parthenogenesis
in mated hens, using a genetic color marker for down. Virgin BSW females showing high
incidences of parthenogenesis were inseminated with untreated semen from Dark Cornish
males and partially inactivated semen from New Jersey Buff turkeys. The Dark Cornish
and New Jersey Buff males were chosen because their feather color was dominant to the
recessive white color of the BSW females. In both treatments, males with white down
were found with 1 male poult surviving for 12 wk. Because white down color is recessive
in BSW turkeys, any white poults produced following the aforementioned matings would
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have to be male parthenogens. Therefore, Olsen (1962) discovered that parthenogenesis
does occur in mated BSW hens.
Even though avian parthenogens are generated from a haploid cell, cytological
studies have shown that parthenogens contain diploid cells. It is uncertain how diploidy
in parthenogens is restored. However, it has been suggested that the recombination of the
second poplar body with the egg nucleus or absence of meiosis II are possibilities to
explain the restoration of diploidy (Olsen, 1975).
To study the effects of parthenogenesis on hatchability and fertility in the poultry
industry, Parker and McDaniel (2009) used Chinese Painted quail (Coturnix chinensis) as
their model. Macroscopic analysis of germinal discs from unselected virgin quail hens
showed that 4.8% of the eggs examined exhibited parthenogenesis. Parker and McDaniel
(2009) also reported that the first egg in a clutch sequence was 2 times more likely to
develop parthenogenetically as compared to the second egg in the clutch sequence. After
the determination of parthenogenesis in Chinese Painted quail, Parker et al. (2010)
utilized genetic selection to investigate if the parthenogenetic trait could be inherited and
if parthenogenesis affected egg production. For 4 generations, they selected birds for
parthenogenesis and found that the parthenogenetic trait could be inherited. For example,
Parker et al. (2010) reported an increase in the number of virgin hens exhibiting
parthenogenesis as well as an increase in the number of infertile eggs exhibiting
embryonic development and an increase in embryo size. However, egg production was
negatively affected by selecting for the parthenogenesis trait, because the average clutch
length decreased as generation of selection for the parthenogenesis trait increased.
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Additionally, Parker et al. (2012) studied the effects of parthenogenesis in mated
hens. Using virgin hens selected for their incidence of parthenogenesis prior to mating,
Parker et al. (2012) reported a decrease in hatchability and late embryonic mortality as
the incidence of parthenogenesis increased. In that study, early embryonic mortality was
divided into 2 categories: possible parthenogens and early embryonic mortality. They
reported a stronger linear relationship for the incidence of parthenogenesis with possible
parthenogens (r2=0.96) versus early embryonic mortality (r2=0.79). This would suggest
that there were actual parthenogens in the possible parthenogens category. In another
study, using mated birds Parker et al. (2014) examined if genetic selection for
parthenogenesis had an impact on fertility and hatchability. Parker et al. (2014) reported
that when selecting birds for the parthenogenesis trait, hatch of set and fertile eggs
declined as the generation of selection increased. They also reported an increase in early
embryonic mortality and percentage of eggs showing possible parthenogens as the
generation of selection increased. This increase of possible parthenogens and early
embryonic mortality was similar to what was reported by Parker et al. (2012) when
grouping virgin hens based on their incidence of parthenogenesis prior to mating.
In both studies, where Chinese Painted quail exhibiting parthenogenesis as virgins
were mated (Parker et al 2012; 2014), early embryonic mortality affected hatchability.
These authors categorized germinal discs that measured ≤7mm as possible parthenogens.
However, the authors did not confirm that in fact these were parthenogens. Because it is
unknown if parthenogenesis exists in mated Chinese Painted quail, the relationship of
sperm-egg interactions should be studied to determine if parthenogenesis exists in mated
quail and if parthenogenesis affects the ability of sperm to penetrate the egg.
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Additionally, it appears that parthenogenesis affects incubational egg weight loss.
For example, Wells et al. (2012) analyzed the relationship between parthenogenesis and
egg weight loss in virgin Chinese Painted quail that were selected for parthenogenesis.
The authors reported negative correlations between incubational egg weight loss with the
incidence of parthenogenesis and parthenogen size in eggs from virgin hens. However,
there was a positive correlation between egg weight loss and average clutch size. For
example, as incubational egg weight loss increased, average clutch sequence position also
increased. Because incubational egg weight loss is presumably mostly water loss, and is
less in eggs exhibiting parthenogenesis, it is possible that this loss would impact the
internal egg components in Chinese painted quail eggs. Therefore, research should be
conducted to determine if parthenogenesis impacts albumen ion concentrations and gas
exchange in eggs from virgin hens.
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CHAPTER III
PARTHENOGENETIC EMBRYOS FROM UNFERTILIZED CHINESE PAINTED
QUAIL EGGS ALTER ALBUMEN pH, GASES, AND ION CONCENTRATION
DURING INCUBATION

Abstract
Parthenogenesis is a form of embryonic development that occurs without
fertilization. Recently parthenogenesis has been reported in Chinese Painted Quail eggs.
In Japanese quail, it has been shown that albumen pH of incubated fertile eggs is lower
than that of incubated infertile eggs. However, it is unknown if alterations, similar to
those in incubated fertile eggs, occur in albumen pH, gases, or ion concentrations from
unfertilized eggs exhibiting parthenogenetic development. Therefore, the objective of
this study was to determine if any differences in pH, gases, or ion concentrations exist
between incubated unfertilized eggs exhibiting parthenogenetic development versus
unfertilized eggs with no development over incubation. In this study, eggs were collected
daily from Chinese Painted quail hens that were separated from males at 4 wk of age,
prior to sexual maturity. Eggs were stored for 0 to 3 d at 20°C and incubated at 37.5°C
for 12 d. Eggs were weighed before and after incubation to obtain percentage egg weight
loss. After incubation, embryo size and albumen O2, CO2, Ca2+, Na+, and Clconcentrations as well as pH were obtained from each incubated egg. Over incubation,
albumen from unfertilized eggs exhibiting parthenogenetic development had a lower pH
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as well as less O2 and Cl- yet a higher Ca2+ and Na+ concentration as compared to the
albumen of unfertilized eggs with no development. Also, eggs exhibiting parthenogenetic
development had a higher albumen CO2 concentration as compared to eggs without
development. The rate of egg weight loss was much lower in eggs exhibiting
parthenogenetic development as compared to eggs without development. Also, as
parthenogen size increased, there was a decrease in albumen pH, O2 and Cl- yet an
increase in CO2 and Ca2+. In conclusion, it appears that, over incubation, parthenogenetic
development from unfertilized eggs alters the composition of albumen as compared to the
albumen from unfertilized eggs with no parthenogenetic development.
Introduction
Parthenogenesis is defined as the embryonic development of an unfertilized egg
(Suomalainen, 1950). It is a common form of reproduction in many invertebrates such as
scorpions (Lourenço, 2008; Makioka and Koike, 1984), bees (Crozier and Pamilo, 1996;
Moritz and Kauhausen, 1984), and wasps (Kraaijeveld et al., 2009). In vertebrates,
parthenogenesis has been reported in fish (Chapman, 2007), amphibians (Booth et al.,
2011; Groot et al., 2003; Fraser, 1971; Kinney et al., 2013), and reptiles (Lenk, 2005;
Watts et al., 2006). Parthenogenesis has also been reported in birds such as Beltsville
Small White turkeys (Olsen, 1975), chickens (Kosin, 1945), zebra finches (Schut et al.,
2008), and Chinese Painted quail (Parker and McDaniel, 2009). Interestingly, while
parthenogenesis is a common form of invertebrate reproduction (Suomalainen, 1950), for
vertebrates such as birds, parthenogenesis most often results in an unorganized type of
development that resembles early embryonic mortality in fertilized eggs (Olsen, 1975).
51

Many experiments have been conducted to study parthenogenesis in birds.
However, little research exists to determine if parthenogenesis affects the internal
components of the egg. For example, when using virgin quail hens Wells et al. (2012)
reported less incubational egg weight loss, presumably water, in eggs exhibiting
parthenogenetic development at 10 d of incubation as compared to eggs without
development. Also, research has shown that, during incubation, albumen pH is altered
when comparing fertile to infertile eggs. For instance, in Japanese quail it has been
reported that albumen pH is lower in fertilized eggs as compared to unfertilized eggs
(Ono et al., 1996). Qiu et al. (2012) measured albumen pH in fertile and unfertile eggs at
24 h intervals during the first week of incubation. Within 24 h of oviposition, they
reported that albumen pH was approximately 8.25 for both fertile and infertile eggs.
However, by the second day of incubation albumen pH had increased to approximately
9.40 in both fertile and infertile eggs. According to Romanoff and Romanoff (1967), this
increase in pH is due to the bicarbonate buffer system. When the egg is laid, CO2
concentration is higher within the egg as opposed to the outside environment. The abrupt
rise in albumen pH on the second day of incubation is due to the loss of CO2 from inside
the egg to the environment outside of the eggshell, resulting in less hydrogen ions being
produced from carbonic acid. In fertilized eggs, Qiu et al. (2012) also reported that after
the second day of incubation the albumen pH decreased gradually reaching 8.34 at day 7
of incubation. Yet during this same period, unfertilized eggs showed a constant increase
in albumen pH after the second day of incubation, reaching approximately 9.6 at 7 d of
incubation. The results reported by Qiu et al. (2012) are similar to those observed by
Romanoff and Romanoff (1967) when plotting the albumen pH from different species.
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Romanoff and Romanoff (1967) reported that all species observed exhibited a low
albumen pH in fresh fertile eggs (7.6). However, by the second day of incubation
albumen pH increased to 9.3, but after the third day of incubation the pH decreased
below 7 throughout the incubational period, most likely due to the metabolic production
of CO2 by the embryo.
The pH is not the only albumen characteristic altered by embryonic growth.
During embryonic development, the embryo utilizes nutrients such as water, proteins,
lipids, carbohydrates, minerals, and vitamins from the egg components (Etches, 1996).
The albumen makes up the greatest part of the egg (52-58%) with approximately 88% of
the albumen being composed of water (Etches, 1996). This water plays an important role
in the chemical reactions for living tissues, the transport of minerals, and the control of
homeostasis within the egg (Romanoff and Romanoff, 1967). Also, egg albumen is the
most dynamic component between the embryo and eggshell and plays an important role
in gas exchange for the developing embryo (Brake et al., 1996).
After fertilization, embryonic cells begin to develop, resulting in modification of
the microenvironment inside the egg (Romanoff and Romanoff, 1967). In fact, the viable
embryo metabolizes nutrients within the egg according to each phase of embryonic
development. The metabolism of nutrients at different stages of development enables the
embryo to follow a normal curve growth reported by Romanoff and Romanoff (1967).
Even during the early stages of embryonic development, cells are utilizing O2 to break
down carbon components. When these carbon components are broken down by O2,
energy is generated for cellular tissues to grow. Also, the breakdown of carbon
components consequently produces CO2 and water during the process of cellular
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respiration (Romanoff, 1949). Because chemical changes are occurring during embryonic
respiration, Romanoff and Romanoff (1967) considered the utilization of oxygen by the
embryo as a “measure of life”.
Many studies have been conducted to investigate the alterations in egg
components during embryonic development and differences that occur between a fertile
and infertile egg. For example, Romanoff and Romanoff (1967) reported that in fertile
eggs, the utilization of O2 increases over incubation because the embryo steadily
consumes O2 thus producing CO2 during embryonic development. Using broiler breeder
eggs, Benton et al. (2001) studied albumen alterations in fertile and infertile eggs. In that
study, they analyzed the blastoderm and the effect that it had on albumen liquefaction
prior to and 2 h after incubation. By measuring albumen height and pH, they found that
prior to and after 2 h of incubation, the albumen height was lower in fertilized eggs as
compared to unfertilized eggs. They also reported that fertilized eggs had a higher
albumen pH prior to incubation as compared to unfertilized eggs. Using 2-DE proteomic
analysis, Qiu et al (2012) analyzed the changes in albumen protein prior to incubation
and during early embryonic development. Qiu et al., (2012) reported an increase in eight
albumen proteins over the period of incubation. They also reported that one ovalbumin
protein was absent in the egg albumen prior to incubation, but over incubation the
concentration of this protein increased in the egg albumen. This suggests that the
ovalbumin protein probably plays an important role in embryonic development. In
another study, Qiu et al. (2013) used egg albumen protein analysis to study if differences
exist between fresh fertilized and fresh unfertilized eggs. Using 2-dimensional gel
electrophoresis-based proteomic analysis, Qiu et al. (2013) reported that fertile eggs had
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different concentrations of proteins from the ovalbumin protein family as compared to
infertile eggs. They also reported that the ovalbumin-related protein Y was more than 10
fold higher in fertilized eggs as compared to unfertilized eggs.
Because egg albumen characteristics of fertile eggs have been altered during
embryonic development, perhaps albumen from unfertilized eggs containing developing
parthenogens may also be altered. For example, it is possible that, over incubation,
parthenogens could cause albumen pH to be lower, which is similar to that of fertile eggs.
Furthermore, the albumen gases and ions in eggs containing parthenogens may be
different in comparison to unfertile eggs that do not exhibit embryonic growth. Therefore,
the objective of the current study was to examine the daily changes in albumen pH, gas
exchange, and ion concentration over 12 d of incubation.
Materials and Methods
Housing and environment
Parthenogenetic virgin hens were obtained from mating hens selected for the
parthenogenetic trait to males whose sisters exhibited parthenogenesis (Parker et al.,
2012). Fertilized eggs from these matings were incubated to produce chicks for the
examination of parthenogenesis. At hatch, chicks were fed a commercial quail starter diet
ad libitum for the first 4 wk of age. At 4 wk of age, prior to sexual maturation, males and
females were separated using differences in feather color, and were moved into colony
cages to adapt to the nipple drinker system. Beginning at 4 wk of age, birds were then fed
a commercial quail breeder diet. All birds were exposed to 17 h of light and received feed
ad libitum. At 6 wk of age, quail hens were placed into individual cages to record
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individual egg production. All birds were treated in accordance with the Guide for Care
and Use of Agricultural Animals in Agricultural Research and Teaching (1996).
Albumen characteristics
Daily, eggs from 132 virgin quail hens were collected, labeled, and incubated
from 0 through 12 d of incubation. Eggs (832) were weighted prior to and after
incubation to obtain egg weight loss. Eggs were incubated at 37.5°C and 55% of relative
humidity, and then analyzed. After incubation, eggs were examined for the incidence of
parthenogenesis on each day of incubation (Parker and McDaniel, 2009). Egg albumen
pH was measured by pH strip (VWR North American). Also, albumen O2, CO2, Ca2+,
Na+, and Cl- concentrations were measured utilizing an ABL77 gas and electrolyte
analyzer (Radiometer, Copenhagen, Denmark). All pH, gas, and ion concentrations were
determined immediately after opening eggs. For each individual egg, approximately 50
µL of albumen was aspirated to determine O2, CO2, Ca2+, Na+, and Cl- concentrations.
Next, eggs were examined under an illuminated magnifying lamp to determine the
existence of parthenogenetic development, and the size of the parthenogen was measured
across the widest part of germinal disc, as described by Parker and McDaniel (2009).
Statistical analysis
Data were analyzed using a completely randomized design with a 2 x 12 factorial
arrangement: parthenogenesis (yes or no) and day of incubation (0-12). Regression
analyses were used to examine the relationships of egg weight loss, albumen pH, and
Ca2+ concentration over days of incubation. Correlation analyses were used to determine
the relationship of parthenogen size with albumen gas and ion concentrations. Means
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were separated using Fisher’s protected least significant differences (P < 0.05, Steel and
Torrie, 1980).
Results
There was an interaction for albumen O2 concentration between eggs exhibiting
parthenogenetic development versus eggs with no parthenogenetic development from 0
through 12 d of incubation (Figure 3.1). With the exception of day 8 of incubation,
albumen O2 in eggs exhibiting parthenogenesis was less than in eggs without
development over incubation. There was no interaction over days of incubation for
albumen CO2. However, the main effect of parthenogenetic development (P < 0.0001)
showed an increase in CO2 concentration from 0.210µmol/mL in eggs without
parthenogenetic development to 0.935µmol/mL in eggs exhibiting parthenogenetic
development.
Also, eggs exhibiting parthenogenetic development had a lower pH over every
day of incubation as compared to eggs without parthenogenetic development (Figure
3.2). However, pH increased from day 0 to day 2 of incubation in eggs not exhibiting
parthenogens but remained more stable over this time period for eggs containing
parthenogens. Additionally pH declined linearly over days of incubation. Over
incubation, albumen Ca2+ concentration was greater in eggs containing parthenogenetic
development as compared to eggs without development except at day 0 (Figure 3.3).
Also, there was a linear increase over incubation for albumen Ca2+ concentration in eggs
with parthenogenetic development (r²=0.62, P < 0.0015, Figure 3.3).
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There was no interaction for albumen Na+. However, the main effect (P<0.0001)
showed an increase of Na+ in eggs exhibiting parthenogenesis (94.4µmol/mL) as
compared to eggs with no parthenogenetic development (87.3µmol/mL).
There was an interaction for albumen Cl- concentration between eggs exhibiting
parthenogenetic development and eggs with no parthenogenetic development from 0
through 12 d of incubation (Figure 3.4). With the exception of day 0 and 11 of
incubation, albumen Cl- in eggs exhibiting parthenogenesis was less than in eggs without
development over incubation.
The interaction for egg weight loss is presented in Figure 3.5. Eggs exhibiting
parthenogenesis had less egg weight loss after day 6 of incubation as compared to eggs
without parthenogenetic development. Also, egg weight loss showed a linear increase
from day 1 to day 12 of incubation in eggs exibiting parthenogenesis and in eggs without
parthenogenesis. However, the rate of eggs weight loss was almost 4 fold higher for eggs
without parthenogenetic development (0.75d/day) as compared to eggs with
parthenogenetic development (0.22g/day).
Additionally, there were positive linear correlations of parthenogen size with
albumen CO2 (Figure 3.6) and Ca2+ (Figure 3.7). However, negative linear correlations
were found for parthenogen size with albumen O2 (Figure 3.8), pH (Figure 3.9) and Cl(Figure 3.10).
Discussion
In this study, it is apparent that parthenogens are alive and modifying the
environment within the egg albumen. For example, beginning at day 0, the albumen O2
concentration was lower in eggs exhibiting parthenogenesis as compared to eggs with no
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development. This lack of O2 continued over 12 d of incubation. Also, the albumen
concentration of CO2 increased with incubation. These results suggest that the embryos
are utilizing albumen O2 and subsequently producing CO2 for cellular metabolism.
According to Romanoff (1949), even though embryos are very small in the early stages
of embryonic development, the embryonic cells are constantly active. Because these cells
are active, the embryo is utilizing O2 to break down carbon components to generate
energy for tissue growth. With the use of O2, the embryo will consequently produce CO2
and water due to cellular respiration. This reduction in O2 and increase in CO2 can also be
explained by the relationships of the concentrations of albumen O2 and CO2 with
parthenogen size. For example, as the size of the parthenogens increased, there was an
inverse linear relationship with albumen O2 and CO2 concentration. As albumen O2
concentration decreased, albumen CO2 concentration increased as the size of the
parthenogen increased. Similar to a normal fertilized embryo, as the number of cells
increase in parthenogenetic embryos, these cells will utilize more O2 thus producing CO2
which is being released into the albumen. Apparently, these parthenogens are undergoing
cellular respiration similar to normal fertilized embryos (Romanoff and Romanoff, 1967).
It is possible that the higher albumen CO2 concentration, due to parthenogen
cellular respiration, could explain the decrease in albumen pH seen for eggs exhibiting
parthenogenesis. For instance, over incubation the albumen pH of eggs exhibiting
parthenogenetic development was lower than the pH in eggs with no parthenogenetic
development. In fresh eggs (day 0), the albumen pH from eggs without parthenogenetic
development was low, however the pH increased the first day of incubation and remained
high throughout the 12 d period of incubation. In the current study, the results for the
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albumen pH in eggs with no development are similar to the pH of infertile eggs over
incubation (Qiu et al., 2012; Romanoff and Romanoff, 1967). Qiu et al. (2012) and
Romanoff and Romanoff (1967) also reported that the albumen pH in infertile eggs at lay
is low, yet it increases over incubation. They also reported that for fertile eggs at lay,
albumen pH was similar to an infertile egg; however, albumen pH of fertilized eggs
increased in the second day of incubation but declined after the third day of incubation. In
the current study, eggs exhibiting parthenogenetic development exhibited a somewhat
similar pattern for albumen pH to that of fertile eggs. For example, eggs exhibiting
parthenogenetic development had a lower pH as compared to eggs without development.
However, the increase in albumen pH on the second day of incubation reported by Qiu et
al. (2012) and Romanoff and Romanoff (1967) did not occur in eggs exhibiting
parthenogenetic development in this study. Instead, eggs exhibiting parthenogenetic
development had a lower albumen pH from the day of lay throughout the 12 d of
incubation. Other than the exchange of albumen O2 and CO2, it is unknown why eggs
exhibiting parthenogenetic embryos have a lower albumen pH even at oviposition when
compared to the fertile and infertile eggs reported by Qiu et al. (2012) and Romanoff and
Romanoff (1967). It is possible that this difference in pH is because the characteristics of
the eggshell or eggshell membranes are different in eggs exhibiting parthenogenesis as
compared to normal fertilized eggs. For example, Dawes (1975) suggested that at
oviposition the embryo is very small in relation to the total components of the egg.
Therefore, possibly some of the changes that occur in the egg albumen during the early
stage of development are independent of the embryo. Tullett and Board (1976) reported
that O2 permeability in the inner shell membrane increases during the first 8 d of
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incubation and that the flux of O2 through the eggshell begins prior to the establishment
of the chick’s vascular system. However, O2 permeability did not change in infertile eggs.
Tullett and Board (1976) suggested that the permeability of O2 is related to the degree of
hydration of the eggshell membrane. The increase of hydration in the eggshell membrane
makes the membrane contract, therefore opening the pores of the eggshell for O2
exchange. In the current study, possibly because the embryos are using O2 available from
the egg albumen, diffusion of more O2 from the environment is not possible. For
example, Wells et al. (2012) reported that eggs exhibiting parthenogenesis had less egg
weight loss when compared to eggs without development. It is possible that the egg
weight loss reported was due to moisture loss. If this egg weight loss is due to moisture
loss, it appears that eggs exhibiting parthenogenesis are not losing much moisture.
Interestingly, in the current study, the rate of egg weight loss over incubation in eggs
exhibiting parthenogenetic development was much slower as compared to eggs without
development. Therefore, it is possible that the lack of water loss in the eggs exhibiting
parthenogenesis increased the hydration of the eggshell membrane causing blockage of
gas exchange. The accumulation of CO2 produced by the parthenogen that is being
released into the albumen could also be due to the hydration of the eggshell membrane.
Asmundson et al. (1943) reported that the relative egg shell membrane weight is higher
in quail than in turkeys and domestic fowl. They also reported that in eggs which have
small yolks, the relative amount of albumen is greater as compared to eggs with larger
yolks. According to the results reported by Asmundson et al. (1943), increased
consistency of the albumen could also possibly decrease or block gas exchange in the
current study.
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Research has also shown that most of the Ca2+ used in the latter stages of
embryonic development comes from the eggshell (Dieckert et al., 1989), and the highest
demand for Ca2+ occurs during bone formation of the chick (Akins and Tuan, 1993).
Bone formation progresses rapidly after 10 d of incubation when the chorioallantoic
membrane is fully functional and is located closer to the eggshell (Simkiss, 1967). When
the chorioallantoic membrane becomes functional, this enables the mobilization of CaCO
by the acidic condition created by CO2 (Romanoff and Romanoff, 1967). In the current
study, eggs that exhibited parthenogenetic development showed a linear increase in
albumen Ca2+ over incubation. However, parthenogens which are in the early blastula
stage do not form the chorioallantoic membrane (Akins and Tuan, 1993). As a result, it is
difficult for the parthenogen to mobilize Ca2+ from the eggshell. Because it would be
difficult for the parthenogen to receive Ca2+ from the eggshell without a vascular supply,
it is possible that the low albumen pH caused by the accumulation of CO2 in the egg
albumen caused the release of Ca2+ from the egg yolk to the albumen (Johnston & Comar,
1955).
Because albumen Na+ was altered in eggs exhibiting parthenogenesis, it is
possible that these ions play an important role in the development of the parthenogenetic
embryo. For example, Latter and Baggott (2002) reported that the formation of subembryonic fluid in fertile Japanese quail embryos depends on osmotic gradients that are
caused by Na+ and CO2 concentrations. Osmotic gradients are responsible for the
movement of water from the albumen into the yolk. Also, the decrease in Cl-, seen in this
study when eggs exhibited parthenogenesis, could possibly be due to the passive
transport of Cl- into the blastoderm or yolk at oviposition. This passive transport of Cl62

may continue as the cells develop over incubation (Stern, 1990). Interestingly in sea
urchins, studies have shown that intracellular Ca2+, Na+, and bicarbonate alterations as
well the acidification of fertilized eggs can adversely affect mitotic division during early
embryonic development. Because mitotic division is negatively impacted, this could lead
to the cessation of the cell cycle, resulting in cellular death (Ciapa and Philippe, 2003). In
the current study, eggs containing parthenogens appear to alter egg albumen
characteristics. Therefore, the lack of advanced growth in the vast majority of avian
parthenogenetic embryos may possibly due to unfavorable conditions in the egg albumen.
In conclusion, parthenogenetic embryos are capable of altering egg albumen
components. For instance, eggs containing parthenogens seems to have a slower rate of
egg weight loss as compared to eggs with no development. Also, parthenogenetic
embryos appear to be utilizing albumen O2 and producing CO2, consequently lowering
albumen pH over incubation. There is also an inverse relationship between albumen O2
and CO2 concentrations as the size of the parthenogen increases. Over incubation, there is
a continuous increase in albumen Ca2+ from eggs containing parthenogens. Because this
research has revealed that egg albumen characteristics are altered when parthenogenetic
development is present, studies should be conducted to determine if parthenogenesis also
alters the albumen characteristics in mated hens. Also, because differences in egg
albumen characteristics from parthenogens are similar to results reported for fertile eggs
and because parthenogens resemble early embryonic mortality, albumen from
parthenogens should be compared to eggs containing early embryonic mortality.
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Interaction for albumen O2 concentration between eggs exhibiting parthenogenetic development and eggs that did not
exhibit parthenogenesis over 12 d of incubation

Notes: The gray bar represents no parthenogenetic development and the white bar represents parthenogenetic development (P =
0.0004). A-H Means with different letters are significantly different at P < 0.05.

Figure 3.1
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Interaction for albumen pH between eggs exhibiting parthenogenetic development and eggs that did not exhibit
parthenogenesis over 12 days of incubation

Notes: The white bar represents parthenogenetic development and the gray bar represents no parthenogenetic development (P =
0.0001). A-H Means with different letters are significantly different at P < 0.05. There was a linear decrease in albumen pH as the
length of incubation increased for eggs exhibiting parthenogenetic development (y=-0.034x+8.28; r²=0.27; P < 0.0667).

Figure 3.2
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Interaction for albumen Ca2+ concentration between eggs exhibiting parthenogenetic development and eggs that did not
exhibit parthenogenesis over 12 days of incubation

Notes: The white bar represents parthenogenetic development and the gray bar represents no parthenogenetic development (P =
0.0001). A-I Means with different letters are significantly different at P < 0.05. There was a linear increase in the concentration of Ca2+
as the length of incubation increased for eggs exhibiting parthenogenetic development (y=0.049x+0.07; r²=0.62; P < 0.0015).

Figure 3.3
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Interaction for albumen Cl- between eggs exhibiting parthenogenetic development and eggs that did not exhibit
parthenogenesis over 12 d of incubation

Notes: The gray bar represents no parthenogenetic development and the white bar represents parthenogenetic development (P =
0.0001). A-G Means with different letters are significantly different at P < 0.05.

Figure 3.4
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Interaction for egg weight loss between eggs exhibiting parthenogenetic development and eggs that did not exhibit
parthenogenesis over 12 days of incubation.

Notes: Each point represents the mean weight loss of each day of incubation for eggs exhibiting parthenogenetic development (■) and eggs without parthenogenetic development
(○, P = 0.0001). A-H Means with different letters are significantly different at P < 0.05. There was a linear increase in weight loss for eggs exhibiting parthenogenetic development
(y=0.2241x+1.1873; r²=0.4216; P < 0.022) and eggs without development (y=0.7469x+0.9486; r²=0.9606; P < 0.0001) as the length of incubation increased.

Figure 3.5
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Relationship between albumen CO2 concentration and parthenogen size.

Notes: There was a linear correlation between the concentration of albumen CO2 and parthenogen size (y=0.103x+0.39; r=0.86; P <
0.001).

Figure 3.6
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Relationship between albumen Ca2+ concentration and parthenogen size.

Notes: There was a linear correlation between the concentration of Ca2+ and parthenogen size (y=0.055x+0.15; r=0.80; P < 0.03).

Figure 3.7

70

Relationship between albumen O2 concentration and parthenogen size.

Notes: There was a linear correlation between albumen O2 and parthenogen size (y=-4.45x+104.16; r=0.73; P < 0.06).

Figure 3.8
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Relationship between albumen pH with parthenogen size.

Notes: There was a linear correlation between albumen pH and parthenogen size (y=-0.192x+9.101; r=0.60; P < 0.09).

Figure 3.9
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Relationship between albumen Cl- concentration and parthenogen size.

Notes: There was a linear correlation between albumen Cl- and parthenogen size (y=-2.46x+99; r=0.83; P < 0.02).

Figure 3.10
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CHAPTER IV
DETECTION OF PARTHENOGENESIS IN MATED QUAIL HENS AND ITS
IMPACT ON FERTILIZATION

Abstract
Parthenogenesis, embryonic development without fertilization, resembles very
early embryonic mortality in fertilized eggs. Parthenogenesis alters egg albumen
characteristics in virgin Chinese Painted quail hens genetically selected for
parthenogenesis (PV). Also hatchability of these PV hens once mated (PM) is reduced as
compared to control mated (CM) hens that have not been genetically selected for
parthenogenesis. However, it is unclear if parthenogenesis is actually occurring in PM
hens and therefore reducing hatchability due to infertility. Sperm-egg penetration (SEP)
holes are indicative of true fertilization and may be useful in identifying if eggs from PM
hens exhibit a decrease in fertility when compared to CM hens. Therefore, the objectives
of this study were to determine if parthenogenesis occurs in mated quail hens by
comparing albumen characteristics from PV and PM eggs, to determine if SEP is
different between PM and CM hens, and to determine if there is a difference in albumen
characteristics in eggs exhibiting parthenogenesis versus eggs containing early dead
embryos. Daily, PV and PM eggs were collected, labeled, and incubated for 10 d then
broken out to determine the incidence of parthenogenesis as well as albumen
characteristics. Also daily, fresh PM and CM quail eggs were macroscopically examined
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to determine if an egg was infertile, parthenogenetic, or fertile and then microscopically
examined for SEP. For both PV and PM incubated eggs, parthenogenesis decreased
albumen pH, O2, and protein concentrations yet increased Ca2+ and CO2 concentrations
when compared to eggs with no development. For incubated PM eggs, albumen pH and
O2 were lower yet CO2 was higher for eggs containing parthenogens or early dead
embryos versus infertile eggs. Also fresh eggs classified as infertile or parthenogenetic
from PM and CM hens had similar SEP holes and only about one sixth as many SEP
holes as eggs classified as fertile. On average, fresh CM eggs had 3.5 times as many SEP
holes as PM eggs. In conclusion, parthenogenesis is apparently occurring in mated quail
hens and is in fact reducing sperm penetration. Additional research is needed to
determine if this reduction in SEP is due to the male, female or both sexes.
Introduction
Parthenogenesis is the development of an embryo that occurs without fertilization
(Suomalainen, 1950). Parthenogenesis in avian species has been reported in chickens
(Kosin, 1945), turkeys (Olsen, 1975), zebra finches (Schut et al., 2008), and Chinese
Painted quail (Parker and McDaniel, 2009). Interestingly, in Cornish hens which were
intensively used to develop the modern day broiler breeder, approximately 6.4% of the
eggs examined contained parthenogens (Olsen, 1966; Hunton, 1990). Also, when
examining eggs from commercial turkeys, Bakst et al. (1998) reported that 4% of the
eggs contained parthenogenetic development.
For invertebrates, parthenogenesis is a very common form of reproduction.
However, embryo viability declines when parthenogenesis occurs in warm-blooded
vertebrates (Mittwoch, 1978). For example, Olsen (1975) reported that parthenogenesis
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in Beltsville Small White (BSW) turkeys is spontaneous and is usually an abortive form
of embryonic development. According to Olsen (1975), parthenogenetic development in
turkeys most often appears as membranous development which is similar to early
embryonic mortality in fertile eggs. Additionally, in virgin Chinese Painted quail
exhibiting parthenogenesis, Parker and McDaniel (2009) reported that the germinal disc
of parthenogens after 10 d of incubation was similar in size to the germinal disc of a fresh
fertilized egg. They also reported that most parthenogenetic development in quail was
unorganized and membranous with undifferentiated cells.
Using a genetic color marker for down, Olsen (1962) discovered that
parthenogenesis even occurs in mated BSW hens. In his research, Olsen (1962)
inseminated virgin BSW females exhibiting high incidences of parthenogenesis with
semen from Dark Cornish males or partially inactivated semen from New Jersey Buff
turkeys. The Dark Cornish and New Jersey Buff males were chosen because their feather
color was dominant to the recessive white color of the BSW females. In both treatments,
males with white down were found with 1 male poult surviving for 12 wk. Because white
down color is recessive in BSW, the white poults produced following the aforementioned
matings had to be male parthenogens.
Because parthenogenesis was found in virgin Chinese Painted quail (Parker et al.,
2009) and in mated BSW turkey hens (Olsen, 1962), Parker et al. (2012) studied the
effects of parthenogenesis in mated quail hens. When virgin hens were selected based on
their incidence of parthenogenesis prior to mating, Parker et al. (2012) reported a
decrease in hatchability and late embryonic mortality as parthenogenesis increased. In
that study, early embryonic mortality was divided into 2 categories: possible
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parthenogens (≤7 mm) and large early deads (>7mm). They reported a stronger linear
relationship as the incidence of parthenogenesis increased with possible parthenogens
(r2=0.96) versus with large early embryonic deads (r2=0.79). This relationship for
possible parthenogens would suggest that actual parthenogens were present in the
possible parthenogen category. In a different study, Parker et al. (2014) reported that
when mating birds selected for the parthenogenesis trait, hatch of set and hatch of fertile
eggs declined as the generation of selection increased. They also reported an increase in
early embryonic mortality and percentage of eggs showing possible parthenogens as the
generation of selection increased. In both studies, when Chinese Painted quail exhibiting
parthenogenesis as virgins were mated, either early embryonic mortality or
parthenogenesis affected hatchability (Parker et al., 2012; 2014).
Using virgin Chinese Painted quail hens selected for parthenogenesis, Rosa et al.
(2012a; 2012b) reported that parthenogenesis affected egg albumen characteristics. For
instance, eggs from virgin hens exhibiting parthenogenesis had less albumen O2 and more
CO2 concentrations than did eggs with no parthenogenetic development. This relationship
between albumen O2 and CO2 concentration suggests that parthenogens are alive,
utilizing O2 from the albumen while expelling CO2 into the albumen. This exchange of
gases was most likely the reason that pH was lower in eggs containing parthenogens.
Also, eggs exhibiting parthenogenesis had a higher concentration of Ca2+ in the albumen
than did eggs with no development. The higher concentration of albumen Ca2+ in eggs
exhibiting parthenogenesis further suggests the presence of embryonic development
(Rosa et al., 2012a; 2012b).
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In avian species, parthenogenetic development progresses differently from normal
fertilization. For example, in virgin BSW turkey hens, Olsen (1967) suggested that
parthenogenesis occurs through the restoration of diploidy caused by the rejoining or
suppression of the second polar body with the female pronucleus. On the other hand, in
the normal process of fertilization, when spermatozoa are present in the infundibulum,
the ovum is fertilized within 15 min after ovulation (Olsen, 1942) and the second polar is
extruded after fertilization (Olsen and Frapps, 1944). For the oocyte to be fertilized,
spermatozoa must undergo an acrosomal reaction with the perivitelline membrane. The
acrosome reaction allows spermatozoa to penetrate the ova in the region of the germinal
disc where the oocyte is located (Okamura and Nishiyama, 1978). The spermatozoa and
oocyte each contain a haploid chromosome number, and after spermatozoa fuse with the
perivitelline membrane, the result of this fusion is a single diploid cell called a zygote
(Wilson, 1925). Avian fertilization is different than most mammals because several
spermatozoa must penetrate the germinal disc area to ensure a fertile egg. In fact, a
minimum of 30 spermatozoa must penetrate the germinal disc area of the chicken to
maximize fertility (Bramwell, 1995). However, even though several spermatozoa
penetrate the perivitelline layer, only the DNA of one spermatozoa combines with the
DNA of the pronucleus of the ovum to create a fertilized egg (Parker, 1949).
Fertility in commercial breeder eggs is an extremely important factor in the
poultry industry, because fertile eggs produce the chicks which will be raised for meat
production. Therefore, problems involving fertility result in losses to the poultry industry
due to decreased chick production. Bramwell (2002) reported that, as a result of intense
genetic selection for meat production, hatchability has declined in commercial birds. The
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main cause of this decline in hatchability is due to infertility (42%). Interestingly, Schom
et al, (1982) and Parker et al., (2014) suggested that eggs which exhibited
parthenogenesis may not be able to be fertilized.
Because fertility is vital for meat production, several recent methods have been
described to determine fertility in fresh eggs. For example, one method reported to
determine fertility is the analysis of the different albumen protein concentrations from
chicken eggs (Qiu et al., 2013). However, an objective method used to determine true
fertility is sperm-egg penetration (SEP), which is indicative of sperm-egg interactions
within the germinal disc area (Bramwell et al., 1995). This technique measures the
number of sperm that actually penetrate the perivitelline layer in the germinal disc area.
Because parthenogenetic development has been shown to decrease hatchability
and increase early embryonic mortality in mated hens, it is possible that sperm-egg
interactions are affected by parthenogenesis. Also, because parthenogenesis alters
albumen characteristics in virgin hens selected for the trait, maybe these alterations also
occur in the albumen of mated hens exhibiting parthenogenesis. When parthenogenesis
occurs in mated hens, it may appear as early embryonic mortality (Cassar et al., 1998).
As a result, it is possible that changes in albumen, due to parthenogenesis, can also
determine whether an egg contains a parthenogen or early embryonic mortality.
Therefore, there were 3 objectives in 3 experiments for this research project. The
objective of Experiment 1 was to use SEP to compare fertility in mated hens selected for
parthenogenesis to control hens that have not been selected for parthenogenesis. The
objective of Experiment 2 was to determine if parthenogenetic development occurs in
mated hens selected for the parthenogenetic trait by comparing albumen characteristics
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from virgin hens selected for parthenogenesis to those of mated hens. The objective of
Experiment 3 was to compare albumen characteristics from eggs containing parthenogens
to eggs exhibiting early embryonic mortality from mated hens selected for
parthenogenesis.
Material and Methods
Housing and Environment
Two populations of quail were used in this trial. The first population of
Chinese Painted quail was genetically selected for parthenogenesis, and the other was a
random population not selected for parthenogenesis (Parker et al., 2014). Within the
population selected for parthenogenesis, there were 2 types of birds: virgin hens which
were separated from males at 4 wk of age (PV) and mated hens (PM). Birds from the
random population were mated and served as the controls (CM). All mated birds were
kept in single pair cages. All birds were fed a commercial quail breeder diet ad libitum
and received 17 h of light/day. Birds were treated in accordance with the Guide for Care
and Use of Agricultural Animals in Agricultural Research and Teaching (1996).
Experiment 1: Sperm egg penetration (SEP) in PM and CM hens
Daily, eggs from 46 PM (66 eggs) and 22 CM (122 eggs) hens were collected and
labeled by individual cage number. Analysis of SEP was a modified procedure described
by Bramwell et al. (1995). Prior to SEP analysis, weigh boats, culture dishes, and
microscope slides were labeled for each egg. Eggs were broken out into their respective
weigh boat and the albumen was removed using a 1000 mL pipette. Fresh, un-incubated
eggs were classified for embryonic development as infertile, parthenogen or fertilized
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using a 2x magnifying lamp (Parker and McDaniel, 2009). After removal of the majority
of albumen and classification of embryonic development, the egg yolk was then rolled in
the weigh boat to further remove egg albumen. Eggs from both PM and CM hens were
placed in a culture dish and soaked 5 min in 5% saline to completely remove the egg
albumen. After albumen extraction, the perivitelline layer was cut into two halves so that
one half contained the germinal disc which was placed on a microscope slide. The
perivitelline layer was then straightened and fixed using 10% formalin. After 3 min,
formalin was removed and Schiff’s reagent was added to stain the membrane purple. Once
the purple color was obtained, a cover slip was placed on the microscope slide. Each
membrane was analyzed for the number of sperm holes using a light microscope, and sperm
holes were counted in the germinal disc area (1.35mm²).
Experiment 2: Analysis of albumen in eggs with or without parthenogenetic
development from PV and PM hens
Daily, eggs from 47 PV and 46 PM hens were collected and labeled by individual
cage number. Eggs were incubated at standard incubational temperature for 10 d and
candled for embryonic development. Eggs showing no embryonic development (323
eggs) or possible parthenogenetic development (PD, 271 eggs) were removed for egg
albumen analysis. Eggs exhibiting PD contained a germinal disc that was ≤7mm in
diameter as described by Parker et al. (2012; 2014). Prior to albumen analysis, weigh
boats and centrifuge tubes were labeled for each egg. Eggs were then broken open into a
weigh boat and albumen samples were collected and placed in microcentrifuge tubes.
Albumen pH, O2 and CO2 concentrations were analyzed immediately as described by
Rosa et al. (2012a). Also, albumen Ca2+ concentration was measured using a Ca2+
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selective electrode. After ion and gas analysis, the germinal disc was examined for the
presence or absence of parthenogenetic development. For protein analysis, albumen
samples were frozen up to 1 wk and analyzed using a Coomassie PlusTM (Bradford)
Protein Assay Kit (Thermo Scientific, Number 23236, Rockford, IL).
Experiment 3: Analysis of albumen characteristics in eggs exhibiting
parthenogenesis or early embryonic mortality in PM hens
Eggs from 46 PM hens were collected and labeled daily then incubated for 10 d at
37.5°C. After 10 d of incubation, eggs were candled for early embryonic mortality. Eggs
(292) that were clear or contained early embryonic mortality were opened and analyzed
for albumen characteristics as described in Experiment 2. Candled eggs were classified
according to one of the following five categories: 1) infertile (I), 2) PD, 3) membranes
(M), 4) blood (B), and 5) organs and tissues (OT).
Statistical analysis
Data from Experiments 1 and 3 were analyzed using a completely randomized
design. Means were separated using Fisher’s protected least significant difference (P <
0.05). For Experiment 2, egg albumen of PV and PM hens was analyzed using a
completely randomized design with a 2 x 2 factorial arrangement: parthenogenesis (yes
or no) and bird type (PV or PM). Means were separated using Fishers’ protected least
significant difference (P < 0.05, Steel and Torrie, 1980).
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Results
Experiment 1
The difference in the number of sperm penetration holes between CM and PM
hens is presented in Figure 4.1. The number of sperm holes in the perivitelline layer of
eggs from PM hens was approximately 3 times less (48) than that of CM hens (170).
Also, approximately 40% of the eggs examined from PM hens did not exhibit any sperm
holes in the perivitelline layer as compared to 19% of the eggs from CM hens (Figure
4.2). Also, fresh eggs classified as fertile had about 6 times as many sperm holes as fresh
eggs classified as I or parthenogen. However, the number of sperm penetration holes for
eggs classified as I or parthenogens were similar (Figure 4.3). Fresh eggs classified as
fertile had the lowest percentage without any sperm penetration holes (11%); however, I
eggs had the highest percentage of holes (61%) which was similar to that of eggs
classified as parthenogens (51%, Figure 4.4).
Experiment 2
There was an interaction for albumen O2 concentration from eggs exhibiting PD
and eggs that did not exhibit PD in PV and PM hens (Figure 4.5). In both PV and PM
hens, there was less albumen O2 concentration in eggs exhibiting PD versus eggs without
PD. Eggs from PV hens containing PD had a lower albumen O2 concentration as
compared to eggs from PM hens that exhibited PD. However, eggs from PV and PM hens
without PD showed no difference in albumen O2 concentration.
Unlike albumen O2 concentration, there was no interaction between bird type and
the presence of parthenogenesis for albumen CO2 concentration (Figure 4.6). Between
PV and PM hens there was no difference in albumen CO2 concentration whether eggs
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exhibited PD or no development. However, albumen CO2 concentration was higher in
eggs from PV and PM hens exhibiting PD as compared to eggs with no development.
For albumen pH, there was an interaction between bird type and the presence of
parthenogenesis. In PV and PM hens, there was no difference in albumen pH in eggs
exhibiting PD. (Figure 4.7). However, eggs from PM hens without PD had a lower pH as
compared to eggs from PV hens without development. Also, eggs from both PV and PM
hens exhibiting PD had a lower albumen pH as compared to PV and PM eggs with no
development.
The interaction between bird type and presence of parthenogens for albumen Ca2+
concentration is presented in Figure 4.8. There was no difference in albumen Ca2+
concentration in eggs from both PV and PM hens exhibiting PD. For eggs with no
development, PV hens had a lower albumen Ca2+ concentration as compared to eggs from
PM hens. However, albumen Ca2+ was higher in PD eggs from both PV and PM hens as
compared to eggs without PD.
Similar to Ca2+ concentration there was an interaction between bird type and the
presence of parthenogens for albumen protein concentration (Figure 4.9). Between PV
and PM hens no difference in albumen protein was detected whether eggs exhibited PD
or no PD. When comparing eggs with PD to eggs without PD, there was no difference in
the albumen protein for PV hens. However, eggs from PM containing PD had less
albumen protein concentration as compared to PM eggs with no development.
Experiment 3
The difference in albumen pH for each embryonic classification in eggs from PM
hens is presented in Figure 4.10. Infertile eggs had the highest albumen pH when
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compared to eggs containing PD, M, B or OT. However, there were no differences in
albumen pH for eggs containing PD, M, B, or OT.
There were no differences in albumen concentration among I, PD, and eggs with
M (Figure 4.11). However, protein concentration was higher for I eggs when compared to
eggs containing B or OT. There were no differences in albumen protein among eggs
classified as PD, M, B or OT.
The difference in albumen O2 concentrations for each embryonic classification
from PM eggs is presented in Figure 4.12. Eggs containing PD or M had a lower albumen
O2 concentration when compared to I eggs. However, there were no differences in
albumen O2 concentration among eggs classified as I, B, or OT. Also, there were no
differences in albumen O2 concentration among eggs containing PD, M, B or OT.
There were also differences in albumen CO2 concentration due to embryonic
classification from PM hens (Figure 4.13). Eggs from PM hens exhibiting PD or M had
similar albumen CO2 concentrations. However, eggs exhibiting PD had the highest
albumen CO2 concentration as compared to eggs classified as I, B, or OT. The albumen
CO2 concentration for eggs containing B or M were similar, and there were no
differences in albumen CO2 among eggs classified as I, B or OT.
Albumen Na+ concentration for eggs classified as I was similar to that of eggs
classified as PD, M, B or OT (Figure 4.14). However, Na+ concentration was highest in
eggs containing OT when compared to PD and B. Yet, eggs containing OT were similar
to I and eggs with M.
The difference in albumen Cl- concentration for each embryonic classification is
represented in Figure 4.15. Infertile eggs had the highest albumen Cl- concentration as
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compared to eggs exhibiting PD, M, B or OT. Yet, there were no differences in albumen
Cl- concentration between eggs exhibiting PD, M, B or OT.
The percentage for each embryonic classification of PM eggs is presented in
Figure 4.16. Eggs exhibiting PD yielded the highest percentage (34%) of all embryonic
classifications as compared to I eggs (16%) or eggs containing M (21%), B (5%), OT
(4%), or late dead and hatched chicks (20%).
Discussion
In this study, birds selected for parthenogenesis apparently have reproductive
issues when compared to birds without the parthenogenetic trait. For example, the
number of sperm holes in the perivitelline layer declined 126 holes when comparing
control birds (171 sperm holes) to birds selected for parthenogenesis (45 sperm holes).
The average number of sperm holes from hens selected for parthenogenesis was higher
than the minimum 30 sperm necessary for maximum fertilization in chickens (Bramwell,
1995). However, it is unknown how many spermatozoa are necessary to penetrate the
germinal disc area to insure fertilization in Chinese Painted quail. Therefore the number
of spermatozoa needed for maximum fertility in chickens may be less than what is
necessary for maximum fertility in Chinese Painted quail. Also, in hens exhibiting
parthenogenesis versus control hens, the percentage of eggs without sperm holes was 21
percentage points greater in PM hens. This increase in the percentage of eggs without any
holes from PM hens is most likely why the average overall number of sperm holes in the
perivitelline layer was less than that of the CM hens. Also, when eggs were classified as
I, fertile or parthenogen, it appears that the identification of these different classes of eggs
was accurate because SEP was much lower in infertile and parthenogenetic eggs when
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compared to fertile eggs. However, approximately 10% of eggs classified as fertile did
not contain SEP holes suggesting that some of these eggs may have been parthenogens.
In the current study, it is unknown which sex is responsible for the lower number
of sperm penetrating the perivitelline layer of PM hens. However in quail hens, it has
been reported that virgin hens exhibiting parthenogenesis prior to mating exhibit possible
parthenogens after mating (Parker et al., 2012; 2014). Also, Olsen (1975) suggested that
parthenogenetic development starts in the infundibulum. Therefore, spermatozoa in the
infundibulum may not be able to fertilize the egg once parthenogenesis is initiated. In the
current study, the reduction in sperm holes from birds selected for parthenogenesis could
be due to a reduction or blockage of sperm binding receptors on the perivitelline layer of
eggs which develop parthenogenetically (Barbato et al., 1998). On the other hand, it is
possible that even if sperm penetrate the egg, fusion of the male pronucleus with the
female pronucleus may not be possible due to nuclear division already in progress in eggs
exhibiting parthenogenetic development. Additionally, turkey parthenogens are able to
produce viable sperm, but it is of poor quality (Olsen, 1975). However, because no
known parthenogen male of Chinese Painted quail has hatched, it is unknown if the
parthenogenetic trait in Chinese painted quail affects sperm quality, thus decreasing the
ability of sperm to penetrate the perivitelline layer.
In this study, eggs exhibiting parthenogenetic development in virgin hens showed
alterations in egg albumen similar to the alterations seen in albumen from virgin hens as
reported by Rosa et al. (2012a; 2012b). For example, eggs from virgin hens exhibiting
parthenogenetic development had lower albumen O2 and pH yet a high CO2 and Ca2+
concentration as compared to eggs with no development. Rosa et al. (2012a; 2012b)
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reported that parthenogens are actively using O2 and producing CO2 in order to create
energy for cellular growth. In the current study, it is possible that parthenogens from
mated hens are also alive and are actively metabolizing energy inside the egg (Romanoff
and Romanoff, 1967). For example, in the current study, albumen alterations in eggs
from mated hens containing parthenogens were similar to those reported for virgin hens
by Rosa et al. (2012a; 2012b). It appears that parthenogens from mated hens also alter the
microenvironment within the egg. For instance, eggs from mated hens containing
parthenogens had less albumen protein as compared to eggs without development. Qiu et
al. (2012; 2013) reported that some albumen proteins from chicken eggs are present in
higher concentrations in unfertilized as compared to fertilized eggs. In the current study,
it appears that parthenogens are mobilizing proteins from the albumen similar to fertile
eggs (Qiu et al., 2012; 2013), because albumen protein was less in eggs containing
parthenogens. Because albumen protein was less for parthenogens, possibly parthenogens
are utilizing albumen proteins for cellular synthesis (Rosa et al., 2012).
In BSW turkeys, Olsen (1975) reported that parthenogenetic development was
usually membranous and similar to early embryonic mortality in fertilized eggs. The
findings of Olsen (1975) are based on macroscopic analyses. In the current study, using
albumen analyses, the albumen characteristics of eggs containing parthenogens were also
similar to eggs exhibiting early embryonic mortality. For instance, the albumen pH of
eggs exhibiting PD was similar to eggs containing M, B, or OT. Also, eggs exhibiting PD
had a lower albumen pH as compared to I eggs. Interestingly, Rosa et al. (2012b)
reported that eggs exhibiting PD had a lower albumen pH as compared to eggs with no
development over 12 d of incubation. Also, Romanoff and Romanoff (1967) and Qiu et
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al. (2012) reported that fertile eggs have a lower albumen pH during incubation as
compared to I eggs.
Qiu et al. (2013) reported that the concentration of some albumen proteins are
lower in fertile eggs as compared to I eggs. In the current study, even though albumen
protein concentration was not different between eggs exhibiting PD and I, there was a
numeric decline in the albumen protein concentration for eggs exhibiting PD. Again, this
could suggest that parthenogens are utilizing albumen protein similar to that of embryos
from fertilized eggs. Also, interestingly, the albumen protein concentration decreased as
the embryo reached advanced stages of development, suggesting that as the embryo
grows more protein is taken from the albumen for the synthesis of embryonic cells.
Analyses of gas exchange in the different embryonic classifications reveal that
parthenogenetic embryos are utilizing O2 and producing CO2 (Rosa et al., 2012a; 2012b)
in a similar fashion to that of embryos from fertilized eggs (Romanoff, 1949). For
instance, eggs from PM hens exhibiting PD had lower O2 and higher CO2 as compared to
I eggs. Romanoff and Romanoff and Romanoff (1967) reported that the utilization of O2
and production of CO2 concentration increase by avian embryos over incubation. In the
current study, eggs containing M had lower O2 concentrations as compared to I eggs.
Also, there was a numerical decrease in O2 concentration in eggs exhibiting B or OT. The
decrease in O2 concentration in eggs containing, M, B, or OT is possibly due to the
utilization of O2 by the embryo as suggested by Romanoff (1967). Interestingly, oxygen
concentration in eggs exhibiting PD was similar to eggs containing early dead embryos
(M, B, and OT). These results indicate that parthenogens are altering albumen
characteristics similar to early dead embryos. However, for albumen CO2 concentration,
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when the embryos reached OT development, CO2 decreased in the egg albumen. It is
possible that this decrease in albumen CO2 is due to the formation of the circulatory
system which transports gases away from the embryo to the egg shell, to eventually be
released into the environment. Another possibility is that after 10 d of incubation these
more developed embryos are dead, and albumen CO2 is not produced.
Latter and Baggott (2002) reported that Na+ from albumen is transported to the
sub-embryonic fluid generating an osmotic gradient in order to transport water to this
compartment. In the present study, even though there was no statistical difference in Na+
concentration for I eggs as compared to eggs exhibiting PD, M, or B, the numerical
decrease in albumen Na+ concentration in these categories indicate that possibly Na+ was
transported to the blastoderm for the formation of sub-embryonic fluid as reported by
Latter and Baggott (2002). Possibly the higher Na+ concentration in eggs exhibiting OT
as compared to PD or B is due to embryonic degradation after 10 d of incubation, thereby
releasing Na+ from the embryonic tissues back into the albumen. Also, the lower Clconcentration in PD, M, B, or OT eggs as compared to I eggs could be due to the
utilization of Cl- for cellular development and for the passive transport of Na+ through
apical epithelial cells for formation of sub-embryonic fluid (Stern, 1990).
When analyzing the percentage of each embryonic classification in PM hens, PD
yielded the highest percentage (34%) of embryonic development. Parker et al. (2012;
2014) reported a decrease in hatchability and late embryonic mortality as the incidence of
parthenogenesis increased. Parker et al. (2014) also reported that when selecting birds for
the parthenogenesis trait, hatch of set and fertile eggs declined yet early embryonic
mortality and possible parthenogens increased with generation of selection. In the current
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study, the higher percentage of PD also appears to have contributed to lower hatchability.
In PM hens, 50% of the eggs in the current study were composed of I eggs (16%) and
eggs exhibiting PD (34%). Similarly, the percentage of eggs without any sperm holes was
40% in PM hens. This, along with the fact that eggs classified as I or parthenogen
contained fewer SEP holes than eggs classified as fertile, strongly suggests that embryos
classified as PD are in fact parthenogens developing without the presence of sperm. Of
course, some eggs from PM hens that had sperm holes would have accurately been
classified as I due to an inadequate number of sperm penetrating the perivitelline layer to
ensure fertilization (Bramwell, 1995). These eggs with low sperm penetration numbers
that were not actually fertilized are likely represented in the 10 percentage point
difference between eggs without holes (40%, Figure 4.2) and eggs classified as I or PD
(50%, Figure 4.16).
In conclusion, fertility is reduced in birds selected for parthenogenesis because
there is less sperm penetration and more eggs without sperm holes when compared to
control birds. However, it is unknown which sex is responsible for this fertility issue.
Parthenogenesis apparently occurs in PM birds because most eggs classified as
parthenogens have no, or very little, sperm penetration and the pattern of alteration in
albumen characteristics due to PD is similar to that seen in PV hens. Also, because
parthenogens have similar albumen alterations as early dead embryos, this suggests that
parthenogens are alive and modifying albumen characteristics similarly to fertilized eggs.
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Number of sperm holes in the perivitelline layer of control (CM) and parthenogenetic mated (PM) Chinese Painted
quail.

Notes: A-B Means with different letters are significantly different at P < 0.0001.

Figure 4.1
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Percentage of eggs without holes in the perivitelline layer of control (CM) and parthenogenetic mated (PM) Chinese
Painted quail.

Notes: A-B Means with different letters are significantly different at P < 0.0001.

Figure 4.2
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Mean number of sperm holes in the perivitelline layer that were classified as fertile, infertile, or parthenogen.

Notes: A-B Means with different letters are significantly different at P < 0.0077.

Figure 4.3
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Notes:

A-B

Figure 4.4
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Means with different letters are significantly different at P < 0.0001.

Percentage of eggs without holes in the perivitelline layer that were classified as fertile, infertile, or parthenogen.

Interaction for albumen O2 concentration between eggs from virgin and mated Chinese Painted quail with eggs
exhibiting parthenogenetic development and eggs that did not exhibit parthenogenesis.

Notes: White bars represents parthenogenetic virgin hens and gray represents parthenogenetic mated hens. A-C Means with different
letters are significantly different at P < 0.02.

Figure 4.5
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Main effect for albumen CO2 concentration between eggs exhibiting parthenogenetic development and eggs that did not
exhibit parthenogenesis.

Notes: White bars represents parthenogenetic virgin hens and gray represents parthenogenetic mated hens. A-B Means with different
letters are significantly different at P < 0.02.

Figure 4.6
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Interaction for albumen pH concentration between eggs from virgin and mated Chinese Painted quail with eggs
exhibiting parthenogenetic development and eggs that did not exhibit parthenogenesis.

Notes: White bars represents parthenogenetic virgin hens and gray represents parthenogenetic mated hens. A-C Means with different
letters are significantly different at P < 0.0002.

Figure 4.7
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Interaction for albumen Ca2+ concentration between eggs from virgin and mated Chinese Painted quail with eggs
exhibiting parthenogenetic development and eggs that did not exhibit parthenogenesis.

Notes: White bars represents parthenogenetic virgin hens and gray represents parthenogenetic mated hens. A-C Means with different
letters are significantly different at P < 0.02.

Figure 4.8
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Interaction for albumen O2 concentration between eggs from virgin and mated Chinese Painted quail with eggs
exhibiting parthenogenetic development and eggs that did not exhibit parthenogenesis.

Notes: White bars represents parthenogenetic virgin hens and gray represents parthenogenetic mated hens. A-C Means with different
letters are significantly different at P < 0.02.

Figure 4.9
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Albumen pH for different embryonic classifications: infertile (I), parthenogenetic development (PD), membranes (M),
blood (B), organs and tissues (OT).

Notes: A-B Means with different letters are significantly different at P < 0.0001.

Figure 4.10
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Albumen protein concentration for different embryonic classifications: infertile (I), parthenogenetic development (PD),
membranes (M), blood (B), organs and tissues (OT).

Notes: A-C Means with different letters are significantly different at P < 0.0001.

Figure 4.11
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Albumen O2 concentration for different embryonic classifications: infertile (I), parthenogenetic development (PD),
membranes (M), blood (B), organs and tissues (OT).

Notes: A-B Means with different letters are significantly different at P < 0.0001.

Figure 4.12
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Albumen CO2 concentration for different embryonic development classifications: infertile (I), parthenogenetic
development (PD), membranes (M), blood (B), organs and tissues (OT).

Notes: A-D Means with different letters are significantly different at P < 0.0001.

Figure 4.13
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Albumen Na+ concentration for different embryonic classifications: infertile (I), parthenogenetic development (PD),
membranes (M), blood (B), organs and tissues (OT).

Notes: A-B Means with different letters are significantly different at P < 0.04.

Figure 4.14
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Albumen Cl- concentration for different embryonic classifications: infertile (I), parthenogenetic development (PD),
membranes (M), blood (B), and organs and tissues (OT).

Notes: A-B Means with different letters are significantly different at P < 0.0001.

Figure 4.15
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Percentage of each embryonic classification for eggs from parthenogenetic mated hens.

Notes: Embryonic developmental classifications: Infertile (I), parthenogenetic development (PD), membranes (M), blood (B), organs
and tissues (OT), and late dead and hatched (LDH).

Figure 4.16
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CHAPTER V
EGG STORAGE AND INCUBATIONAL TEMPERATURES ALTER
PARTHENOGENETIC DEVELOPMENT IN
CHINESE PAINTED QUAIL EGGS

Abstract
Parthenogenesis is defined as the embryonic development of an unfertilized egg.
This phenomenon has been reported in avian species such as chickens, turkeys and quail.
At standard incubational conditions, parthenogenetic development has been shown to
alter pH, ion concentrations, and gas exchange within the egg albumen as incubation
progresses each day. However, parthenogens often exhibit delayed embryonic
development at oviposition and throughout incubation at standard incubational
temperature. Additionally, studies have shown that the first egg in a clutch sequence is
more likely to exhibit parthenogenesis as compared to subsequent eggs in the clutch
sequence. Because the first egg in a clutch sequence stays in the hen’s body longer, it is
possible that the temperature of the hen’s body accelerates parthenogenetic development.
It is also possible that increasing storage and incubational temperature can simulate the
hen’s body temperature and increase the incidence of parthenogenesis. Therefore, the
objective of this study was to determine if storage and incubational temperatures impact
the incidence and size of parthenogenetic development in Chinese Painted quail eggs.
Virgin quail hens selected for parthenogenesis were individually caged, and eggs were
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collected and labeled daily. Eggs were divided among 3 different storage temperatures
(20, 30 or 40ºC). After storage, eggs from each storage temperature were divided
between 2 incubational temperatures. One half of the eggs were incubated at 37ºC for 10
d and the other half of the eggs were incubated at 42ºC for 48h then returned to the
standard incubational temperature of 37ºC for the remaining 8 d of incubation. After 10 d
of incubation, albumen pH was measured for each egg, and embryo size was determined
for eggs exhibiting parthenogenesis. At an incubational temperature of 42ºC, eggs stored
at 20°C yielded the highest percentage of parthenogens. Also, eggs stored at 20ºC and
incubated at 42ºC yielded the lowest albumen pH. As storage temperature increased,
parthenogen size increased when eggs were incubated at 37ºC. Also when eggs were
stored at 30ºC, embryo size was larger when incubated at 42ºC for 48h as compared to
incubation at 37ºC. In conclusion, elevated egg storage or incubational temperatures alter
albumen pH, the incidence of parthenogenesis, and the size of parthenogenetic embryos.
Introduction
Parthenogenesis is defined as “the development of the egg cell into a new
individual without fertilization” (Suomalainen, 1950). The occurrence of parthenogenesis
in some animal species is normal, and sometimes parthenogenesis is the only form of
offspring production. However, when parthenogenetic development extends to warmblooded vertebrates, there is a decrease in viable embryos (Mittwoch, 1978). For
example, in some species, such as domestic avian species, parthenogenesis can be a
spontaneous and abortive form of embryonic development (Olsen, 1975), negatively
affecting offspring production and therefore causing economic losses. In the avian
species, parthenogenesis has been studied in chickens (Kosin, 1945; Sarvella, 1970;
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Cassar, 1998), turkeys (Olsen and Marsden, 1954), and Chinese Painted quail (Parker and
McDaniel, 2009). In a normal fertilized chicken egg, the embryo is in the gastrula stage
of development at oviposition (Fasenko, 2009) and is organized with an area opaca, area
pellucida and marginal zone (Etches, 1996). However, parthenogenetic embryos have
less embryonic development at the moment of oviposition. In fact, parthenogens are only
in the early blastula stage of development (Haney and Olsen, 1958).
In Chinese Painted quail, Parker and McDaniel (2009) reported that the germinal
disc of an egg exhibiting parthenogenetic development after 10 d of incubation was
similar to the germinal disc of a fresh fertilized egg. Both the parthenogen and fresh
fertile egg exhibited an area opaca, area pellucida, and periblastic ring. However, the
germinal discs of fresh fertilized eggs was slightly larger (3.93 mm) than the germinal
discs of infertile eggs exhibiting parthenogenetic development that had been incubated
for 10 d (3.73 mm). The difference in embryo size may be explained by Olsen (1975)
who reported that parthenogens develop at a slower rate than embryos from fertilized
eggs. Olsen (1975) stated that the slower rate of development in parthenogens is due to a
delay in cell cleavage and a lack of cellular organization.
Parker and McDaniel (2009) also reported that the first egg in a clutch sequence is
more likely to exhibit parthenogenesis than subsequent eggs in a clutch sequence.
Because the first egg in a clutch sequence stays in the hen’s body longer (Fasenko et al.,
1992), it is possible that the hen’s body temperature accelerates parthenogenetic
development. However, research conducted by Parker and McDaniel (2009) only
examined parthenogens that developed at the standard incubational temperature of 37°C
with eggs stored from 0-3 d at 20°C prior to incubation.
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After eggs stay in the oviduct for approximately 24 h at the hen’s body
temperature, oviposition occurs, and at lay, eggs are exposed to environmental
temperatures (Etches, 1996). In fact after oviposition, egg storage is a common practice
that is used in the poultry industry. Due to different factors, most eggs are not incubated
the same day that they are laid (Fasenko, 2007). Therefore, to preserve the physiological
functions of embryonic cells for later incubation, fertile eggs are kept at a temperature
that is known as physiological zero. Storing eggs at physiological zero reduces the
growth rate of embryonic cells until the eggs are incubated (Edwards, 1902). The most
common storage temperature recommended for the poultry industry is 20°C with an
actual range from 15.6 to 23.9°C (Bramwell, 2008).
To avoid the negative impact that egg storage has on embryonic development,
some researchers believe that preincubation of eggs, either prior to or during storage, will
improve embryonic development and viability. For example, Reijrink et al. (2010) stored
eggs for 15 d at 16°C and observed that eggs which were preincubated for 7 h prior to the
15 d storage period, and eggs which were preincubated 6 times for 30 min at 37.8°C
during storage had a higher number of embryonic cells than eggs without preincubation
treatment. Because there was a decrease in the number of embryonic cells in eggs
without preincubation treatment during storage, they suggested that embryonic
development in the untreated eggs was suppressed.
The practice of egg storage has also been reported to affect the length of
incubation. It has been suggested that stored eggs extend the incubational period because
these embryos have a slower rate of development during the first week of incubation. As
a result of egg storage, embryos are not able to begin development immediately when
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normal incubational temperatures are provided (Robinson et al., 2003). Therefore, high
incubational temperatures have been examined to possibly decrease the effects of egg
storage. For example, Christensen et al. (2003) hypothesized that using high incubational
temperature on stored eggs could accelerate embryonic development, possibly resulting
in more viable embryos. Christensen et al. (2003) stored eggs for 3 or 15 d at 12.8°C
prior to incubation at a higher incubational temperature of 37.8°C. During the first 2 wk
of incubation, they reported a 4.3% increase in embryonic livability as compared to eggs
incubated at the standard incubational temperature of 37.5°C. They also reported that,
during the first week of the higher incubational temperature, embryonic livability was
even greater (6%). They concluded that embryos from the stored eggs receiving the
higher incubational temperature are more likely to survive due to an accelerated growth
rate during the early stages of development. It is possible that some of the accelerated
growth reported at the higher incubational temperature could actually be parthenogenetic
development because the higher incubational temperature is closer to the hen’s body
temperature.
The stage of embryonic development at oviposition has also been reported to
affect the ability of the embryo to survive storage (Butler, 1990; Bakst and Akuffo, 2002)
as well as affect the number of embryonic cells and cell activity (Reijrink, et al., 2010).
Coleman and Siegel (1966) examined embryonic development in two different lines of
birds during egg storage. They found that embryos which were more advanced at the time
of oviposition could withstand storage when compared to embryos with less cellular
development.
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In the research of Coleman and Siegel (1966), it may be that some of the embryos
with less cellular development could be a type of retarded development similar to
parthenogenesis (Olsen, 1975). When examining the influence of incubational and
storage temperature on parthenogenetic development, Sarvella (1974) observed no
differences for the incidence of parthenogenesis when eggs were incubated within an
hour of oviposition as compared to eggs stored at 12.8°C for 3 d. Yet in another study,
Schom et al. (1982) reported that storing turkey eggs for 3 or 6 d at 17°C prior to
incubation yielded a 12.1% of incidence of parthenogenesis. However when eggs were
stored at 6°C, the incidence of parthenogenesis was only 3.2%.
The first egg in a clutch sequence is more likely to exhibit parthenogenesis in
Chinese Painted quail (Parker and McDaniel, 2009). It is possible that parthenogenesis is
increased because the first egg in a clutch sequence stays in the hen’s body longer
(Fasenko et al., 1992) thus allowing the parthenogen to increase in size at the hen’s high
body temperature. Also, embryonic viability in stored eggs has been improved by
preincubating eggs prior to or during egg storage as well as by exposing eggs to a high
incubational temperature after egg storage (Christensen et al., 2003). Because
preincubation and high incubational temperatures have improved embryonic viability, it
is possible that preincubation and higher incubational temperatures could improve the
viability of parthenogens thus increasing the incidence and degree of parthenogenetic
development in Chinese Painted quail. Also, research has shown that the albumen pH of
fertile eggs is altered during incubation, (Romanoff and Romanoff, 1967) and
parthenogenetic development can also alter the albumen pH (Santa Rosa, 2014).
Therefore, the objective of this study was to determine if a combination of storage and
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incubational temperatures impacts the incidence and size of parthenogenetic development
as well as egg albumen pH in Chinese Painted quail eggs.
Material and Methods
Housing and environment
Sexually mature virgin Chinese Painted quail hens (78) were obtained from a
population of quail selected for parthenogenesis. Prior to sexual maturity, females were
separated from males at 4 wk of age, based on plumage differences (Parker and
McDaniel, 2009). At 6 wk of age, virgin hens were placed into individual cages to record
egg production. All birds were fed a commercial quail breeder diet ad libitum and were
exposed to 17 h of light. All birds were treated in accordance to the Guide for Care and
Use of Agricultural Animals in Agricultural Research and Teaching (1996).
Egg storage and incubation
Daily, eggs from each virgin hen were collected, labeled, weighed, and divided
into 1 of the 3 different storage temperatures: 20, 30 and 40ºC. Eggs (918) were stored
from 0-3 d in one of the 3 storage temperatures. For each storage temperature, there were
3 egg storage chambers representing 3 replicates per storage treatment. After storage,
eggs from each group were subdivided into 2 incubational groups. The first group of eggs
were incubated at 37ºC for 10 d and the second group of eggs were incubated at 42ºC for
48 h then subsequently returned to a standard temperature of 37ºC for the remaining 8 d
of incubation. There were 6 incubators (n=6) for eggs incubated at 37ºC and 4 incubators
at 42ºC (n=4). Also, storage and incubational temperatures were recorded daily to
monitor temperature alterations. To ensure there was no statistical bias due to hen, over
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time, eggs from each hen were exposed to each storage temperature and each
incubational temperature. After incubation, eggs were opened and egg albumen pH was
measured by placing a pH strip (VWR North American) directly into the albumen. Also,
under a magnifying lamp, the incidence of parthenogenesis and embryo size was
determined as described by Parker and McDaniel, (2009).
Statistical analysis
Because eggs from every egg storage chamber were placed in each incubator, data
were analyzed as a split plot design with incubators as whole plots and storage
temperatures as split plots. Fisher’s protected least significance differences was used to
separate means at P < 0.05 (Steel and Torrie, 1980).
Results
The interaction for eggs exhibiting parthenogenesis for the 3 storage and 2
incubational temperatures is presented in Figure 5.1. When eggs were incubated at 37°C
there were no differences for the incidence of parthenogenesis due to storage
temperature. However, when eggs were incubated at 42°C for 48 h prior to incubation at
37°C, eggs stored at 20°C exhibited the highest incidence of parthenogenesis when
compared to egg stored at either 30 or 40°C. Yet when comparing eggs stored at 30 or
40°C that were incubated at 42°C for 48 h prior to incubation at 37°C for 8 d, there was
no difference in the incidence of parthenogenesis.
Similar to the incidence of parthenogenesis, there was a difference in pH with
storage and incubational temperature (Figure 5.2). When eggs were incubated at 37°C
there were no differences for albumen pH due to storage temperature. However, when
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eggs were incubated at 42°C for 48 h prior to incubation at 37°C, eggs stored at 20°C
exhibited a lower pH when compared to eggs stored at 30°C but a similar pH to eggs
stored at 40°C. For eggs stored at 30 or 40°C and incubated at 42°C for 48 h prior to
incubation at 37°C, there were no differences for albumen pH. However, when eggs were
stored at 20°C, the pH was lower in eggs incubated at 42°C for 48 h when compared to
incubation at 37°C for 10 d.
The interaction of the 3 storage and 2 incubational temperatures for
parthenogenetic embryo size is presented in Figure 5.3. Eggs that were stored at 40°C
and incubated at 37°C had a larger embryo size than did eggs stored at 20°C but were
similar to eggs stored at 30°C. For eggs incubated at 37°C, embryo size was similar for
eggs stored at 20°C and 30°C. However, when eggs were incubated at 42°C for 48 h
prior to incubation at 37°C, parthenogens were larger for eggs stored at 30°C when
compared to parthenogens from eggs stored at 40°C. There were no differences in
embryo size between eggs stored at 20°C or 30°C and incubated at 42°C for 48 h prior to
incubation at 37°C for 8 d. When comparing eggs stored at 30°C, parthenogen size was
larger for eggs incubated at 42°C for 48 h versus eggs incubated at 37°C for 10 d.
Discussion
In the present study, regardless of egg storage temperature, there were no
differences in the incidence of parthenogenesis when eggs were incubated at 37°C.
These results are similar to what was reported in other research. For example, Sarvella
(1974) found no differences in the incidence of parthenogenesis due to storage
temperature. Even though the incidence of parthenogenesis was not impacted due to egg
storage when eggs were incubated at 37°C, storage temperature affected parthenogenesis
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when eggs were incubated at 42°C for 48 h prior to incubation at 37°C for 8 d. For
instance, the incidence of parthenogenesis was highest for eggs stored at 20°C which is
close to physiological zero (Edwards, 1902). In the current study, apparently for eggs
stored at 20°C, cellular activity was arrested resulting in parthenogen preservation. For
eggs stored at 20°C, possibly the higher incubational temperature provided an
environment similar to the hen’s body (Fasenko et al., 1992) allowing more
parthenogenetic cells to develop and thus increasing the incidence of parthenogenesis.
Parthenogenetic development using different egg storage and incubational
temperatures did affect internal egg components as well. According to Romanoff and
Romanoff (1967) fresh fertilized eggs exhibit low pH due to the high concentration of
CO2 concentration from the hen’s body. In the second day of incubation the CO2 is lost to
the environment due to a pressure difference. However, the pH decreases after the third
day of incubation due to CO2 production by embryo respiration. Also, in virgin quail
hens, Rosa et al. (2012) reported a lower albumen pH in eggs exhibiting parthenogenesis
as opposed to eggs with no parthenogenetic development. In that study, Rosa et al.
(2012) only examined eggs that were stored at 20°C and incubated 10 d at 37°C. In the
current study, albumen pH was lower for eggs stored at 20°C and incubated at 42°C as
opposed to eggs stored at 20°C which received the lower incubational temperature.
Apparently, the greater development of the parthenogen when eggs are stored at 20°C
and then incubated at the higher incubation temperature resulted in more CO2 production
and therefore a lower pH.
Additionally, for eggs exposed to the lower incubational temperature,
parthenogen size increased as storage temperature increased. Also, it appears that when
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the higher incubational temperature was applied to eggs stored at 30°C, embryonic
growth was accelerated thereby advancing parthenogenetic development. It is possible
that this increase in parthenogen size for eggs stored at the higher temperature is due to
preincubation of the eggs. For example, Reijrink et al. (2010) reported that when eggs
were preincubated for 7 h at 37.8°C prior to storage, there was an increase in the number
of embryonic cells. Because parthenogen size was greater for eggs stored at 40°C and
incubated at 37°C, possibly the higher storage temperature allowed the parthenogen to
reach a more advanced stage of embryonic development thus allowing the parthenogen to
survive incubation. However, when eggs were stored at 40°C and incubated at 42°C for
48 h there was a decline in parthenogen size as compared to eggs stored at 30°C. When
eggs were stored at 40ºC prior to incubation at 37ºC, parthenogen size was numerically
greater as opposed to eggs stored at 40ºC and incubated at 42ºC prior to incubation. It is
possible that the combination of higher temperature during both storage and incubation,
sequentially, inhibits parthenogenetic development. Christensen et al. (2003) reported
that when using a higher incubational temperature after storage at lower temperatures,
embryonic development was accelerated resulting in an increase in embryonic livability.
In this study, parthenogens that received the higher incubational temperature also
exhibited accelerated growth in the early stages of development after storage at a lower
temperature. However, for eggs exposed to both the high storage and incubational
temperature, it is possible that the parthenogenetic cells underwent cellular degradation
resulting in the death of the parthenogens. In fact, the pH was approximately 9.1 for eggs
stored and incubated at the higher temperatures which is similar to the pH Rosa et al.
(2012) reported for infertile eggs that did not contain embryos.
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From this study, it is concluded that storage and incubational temperatures alter
parthenogenetic development. Elevated storage or incubational temperatures increase
parthenogenesis and decrease albumen pH. However, exposure to both high storage and
incubational temperatures appears to be detrimental to parthenogenetic growth. Because
the data has shown that storage and incubational temperature alters parthenogenesis and
albumen pH in Chinese Painted quail, research should be conducted to study if the
manipulation of albumen pH could alter the degree of parthenogenesis.
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The interaction of different storage and incubational temperatures on the incidence of parthenogenesis.

Notes: Each bar represents the average storage temperature: (□) 20°C, (■) 30°C, and (■) 40°C (P = 0.004). A-C Means with different
letters are significantly different at P < 0.05.

Figure 5.1
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The interaction of different storage and incubational temperatures on the albumen pH.

Notes: Each bar represents the average storage temperature: (□) 20°C, (■) 30°C, and (■) 40°C (P = 0.10). A-C Means with different
letters are significantly different at P < 0.05.

Figure 5.2
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The effect of different storage and incubational temperatures on parthenogen size.

Notes: Each bar represents the average storage temperature: (□) 20°C, (■) 30°C, and (■) 40°C (P = 0.05). A-C Means with different
letters are significantly different at P < 0.05.

Figure 5.3
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CHAPTER VI
CONCLUSION

This research revealed that parthenogenetic embryos from unfertilized eggs are
alive and altering albumen pH, gases, and ion concentrations over incubation similarly to
embryos from fertilized eggs. The parthenogenetic embryos appear to be utilizing O2 and
releasing CO2 into the albumen due to cellular respiration. The high production of CO2
appears to be the cause of a lower albumen pH, and consequently the release of Ca2+ into
the albumen. Additionally, it was revealed that parthenogenesis occurs in mated quail
hens because the changes in albumen characteristics due to parthenogenesis were similar
to that seen in virgin quail hens. Also, these data suggest that parthenogens are alive and
modify albumen characteristics similar to that of embryos from fertilized eggs that die in
early stages of development.
Also fertility is reduced in birds selected for parthenogenesis due to less sperm
penetration and a higher percentage of eggs without sperm holes when compared to
control birds. However, it is still unknown which sex is responsible for the reduction in
fertility seen in birds exhibiting parthenogenesis. The data also showed that, eggs
classified as parthenogens had fewer sperm holes in the perivitelline layer similarly to
those eggs classified as infertile. This result indicates that identification of eggs
containing a parthenogen was apparently correct.
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Finally, storage and incubational temperatures alter parthenogenetic development.
Elevated storage or incubational temperatures increase the incidence of parthenogenesis
and decrease albumen pH. However, exposure to both high storage and incubational
temperatures appears to be detrimental to parthenogenetic growth. Because the data has
shown that storage and incubational temperature alters parthenogenesis and albumen pH
in Chinese Painted quail, research should be conducted to study if the manipulation of
albumen pH could alter the degree of parthenogenesis.

133

