


Chapter

Micro-architecture of the Female
Reproductive System
Arbab Sikandar and Muhammad Ali

Abstract

The female reproductive system consists of the ovary, oviduct, uterus, and
vagina. This chapter will discuss how these organs look like under the microscope
and what types of ultrastructural tissues are present in it, how the shape and
physiology of the tissues/cells change with the physiological activities including
reproductive cycles, what type of alterations occurs in the ovary during ovulation
and how its follicle and epithelium differ, and how the ovulation takes place. The
chapter will also elaborate how the lining epithelium and the tract mucosa facilitate
the fertilized ovum and conceptus. Also, the chapter is highlighting the architec-
tural changes within the mucosa of the uterus during and after pregnancy and type
of ovary and spermatozoa that is most suitable for fertilization.
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1. Introduction

It is important to know the microstructure of the female reproductive system. In
this chapter those microarchitectures are highlighted which played an important
role in theriogenology right from release to fertilization and care of embryo and
infants. The micro-architecture of the ovarian cortex, the microscopic structures of
the follicles especially the graafian follicle including mature ova, and the
histomorphology of the fimbriae and oviduct and its function in ova transportation,
zygote transformation, and embryo implantation were highlighted. The micro-
structures of various microscopic layers of the uterus and its role in reproduction
were addressed. The structure and function of the cervix and vulva and its role in
reproduction are mentioned. Also, the most suitable type of ova and sperm for
fertilization was also mentioned. The whole reproductive system is concerned with
the production and transport of the ovum, facilitation in the transport of sperma-
tozoa, the fusion of both gametes, and the accommodation of the embryo and fetus
until birth [1].

2. Microstructure of cortex of the ovary

The cortex is a wide peripheral part of the ovary that contains follicles in various
stages [2]. The surface of the ovary is covered by a thin layer of cuboidal cells, also
called as germinal epithelium. Next to the germinal epithelium in the inferior side is
a thick layer of connective tissue (CT) called the tunica albuginea. And the
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remaining portion of the ovarian cortex is covered by the CT which contains the
primordial follicles, surrounded by a flat follicular cell (squamous shaped). Another
follicle a bit larger is called a primary follicle, internally lined by the simple and
stratified cuboidal epithelium termed as granulosa cells. In the connective tissue of
the cortex of the ovary, many blood vessels surround the developing follicles. The
granulosa cells are more prominent in the larger follicle called as secondary follicle
or also called as antral follicle [3]. The antrum is the cavity formation within the
follicle, which splits the granulosa cells into two layers. The fluid within the antrum
is called as liquor folliculi. A single large ovum is present in the follicle, and a single
layer of granulosa cells which surrounds the oocyte is known as corona radiata [4].
There are acellular glycoprotein layers known as zona pellucida between the corona
radiata and oocyte. The zona pellucida which is 3–5 μm in thickness is produced by
the ova and the granulosa cells. Within the antrum the ova are anchored by a
compact mass of cells called as cumulus oophorus. After releasing the ova, the
granulosa cells are disorganized within the antrum with pyknotic nuclei (fragmen-
tation of nuclei) in the remaining follicles. This condition of the inactive follicles is
called as atretic follicle [5].

3. Microstructure modulation in graafian follicle

A graafian follicle consists of a large cavity called antrum having fluid termed as
follicular fluid. Graafian follicle is also known as antral follicle [3]. Before ovulation,
secondary follicle undergoes first mitotic division, and as a result the graafian
follicle is formed which has two N haploid chromosomes. The characteristic struc-
tural feature of graafian follicle is follicular antrum in which granulosa cell and
oocyte are present. Antral follicle is a three-dimensional structure having a cavity
(antrum) which is surrounded by different types of cells [6]. The antral follicle has
six different histologic components which are as follows:

• The theca externa

• The theca interna

• The basal lamina

• The granulosa cell

• The oocyte

• The follicular fluid

3.1 Theca externa

Theca externa consists of smooth muscle cells that are innervated by the auto-
nomic nerve. The functional importance of theca externa is still unclear, but there is
evidence that changes in the contractile activity of theca externa are involved in
atresia and ovulation [5].

3.2 Theca interna

It is consisting of different cells which are present in the matrix of loose con-
nective tissues and blood vessels. The function of theca interna cells is regulated by
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luteinizing hormone (LH). Theca interna is highly vascularized, and its function is
to deliver hormone, nutrients, vitamins, and cofactors, which are necessary for
growth of the oocyte and granulosa cells [4].

3.3 Granulosa cells and oocyte

In the graafian follicle, the granulosa cells and oocyte have a specific shape and
position [6]. There are four different types of granulosa cell layers:

• The outermost is membrana granulosa.

• The inner most is periantral.

• The intermediate is cumulus oophorus.

• Just opposed to oocyte is corona radiata.

3.4 Follicular fluid

It is rich in hyaluronan and proteoglycans. It helps in follicle ruptures. Ovulation
occurs under the influence of follicle-stimulating hormone (FSH) and LH [7].
During ovulation the ova are in the metaphase stage of the second meiotic division.

4. Microstructure and physiology of the oviduct and how it facilitates
the sperm, ovum, and early-stage embryo

4.1 Microstructure of the oviduct

The oviduct has several layers including the mucosa, muscular layer, and a
connective serosa. The size of these layers depends on different regions of the
oviduct. The myosalpinx is comprised of smooth muscle; it is thin in the region of
the ampulla and multilayered thick in the region of the isthmus. The endosalpinx is
a term used for a mucosa, which is lined with simple columnar ciliated epithelium
[8]. In the ampulla, the lining ciliated cells are numerous compared with that of
secretory cells. The lining mucosa forms folds upward that fill the tubular lumen
[9]. Due to the abundance of upward-directed folds, the lining mucosa of the
ampulla increased the surface area, assuming excessive ability for the metabolic
conversation between the epithelial, luminal, and the underlining vascular com-
partments. The mucosa of the isthmus has a smaller number of folds, while the
abundant number of secretory cells is present there.

4.2 Function of the oviduct

Sperm and oocyte will not reach the oviduct at the same time. In some
animals the oocyte reaches first, and, in some, sperm approaches initially to the site
of fertilization. The movement of sperm toward the isthmus is promoted by the
ciliary movement of the lining epithelium. The spermatozoa are stored and remain
active in the oviduct for up to 72 hours, but in some species the time is extended for
a month like in bats. The fallopian tube contains fluid secreted by the glandular
epithelium, which has a positive impact on the viability of sperm and provides
nutrition to the oocyte [8]. This fluid helps in the maturation of the oocyte in the
oviduct. Sperm adhere to the epithelial wall of the fallopian tube which preserves
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its viability and stops the premature capacitation. This enhances the chances
of fertilization [1].

Fertilization of the ovum results in the formation of zygotes. After all the
embryonic changes in the zygote, the later embryo is transferred along the fallopian
tube. Some hormone also helps in the transportation of the embryo. The
production of the estradiol (E2) by the embryo also helps in its transportation. In
the mare, the secretion of prostaglandin (PGE2) during the first week acts on the
oviduct locally and causes the transfer of the embryo to the posterior region of the
uterus. The 4- to 8-cell stage embryos in hamster secrete platelet-activating factor
(PAF). The later factor also acts on the oviduct locally, resulting in the transfer
of the embryo toward the uterine horns. It is important to note that in the hamster
and the mare, the main factor, decisive whether and when the fertilized ovum
will drive toward the uterine horns or not, is based on the condition of the
fertilized eggs.

4.3 Transportation of oocyte

During ovulation the fimbriae attached to the surface of graafian follicle and
sweep the ova further anterior toward the ampulla [8]. The coordinated
contraction of the myosalpinx along the length of the fallopian tube and the ciliary
beats of the epithelial cells results in the transportation of the oocyte to the site of
fertilization [9].

5. Microstructures and physiology of fimbriae

Fimbriae are finger-like growth processes that are present at the terminal of each
fallopian tube. They increase the surface area of the infundibulum and cause it to
slip over the surface of the ovary when ovulation occurs. This activity of the
fimbriae increases the possibility that the oozed-out oocyte will be captured after
ovulation from the graafian follicle and transported through a wider opening called
ostium into the ampulla of the oviduct [9]. Above the mucus membrane of the
fallopian tube, there are three layers of tissues, viz., the innermost layer consists of
spirally arranged fibers, the middle layer consists of fibers with circular arrange-
ment, and the outermost sheath has longitudinally arranged fibers that end in
fimbriae near ovaries, forming a funnel-shaped depository structure called the
infundibulum. One fimbria out of all fimbriae is long enough to reach the external
surface of the ovary, which is called as fimbria ovarica [10]. The fallopian tube at
this point is lined by small epithelial cells with small, slender hair-like cilia pulsating
unidirectionally inside the fallopian tube to guide and direct the ovum from the
ovary to the uterus [9].

5.1 Role of fimbriae in directing the ova to area of fertilization

As there is no direct connection between ovaries and the oviduct, the egg is
transported to the uterus in peritoneal fluid produced by fimbriae on the terminal of
tube’s opening. The specialized granulosa cells of oocyte (cumulus oophorous) at
ovulation are sticky and help in adhering to the surface of fimbriae. After this the
fimbriae through muscular control create negative pressure that picks up oocyte
and moves it to the fallopian tube [9]. There are also some hormonal changes that
control the picking up of oocyte [7].
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5.2 Process of fertilization within the fallopian tube

At the site of ampulla-isthmus junction, the capacitated and hyperactive sper-
matozoa crossed the layer of corona radiata and pierced the glycoprotein layer of
zona pellucida. Afterward the fusion of the spermatozoa with the ova takes place
[11], which results in the formation of zygote.

6. Histological layers, physiology of the uterus, and its role in
reproduction

If we see the cross section of the uterus, it consists of four layers including the
innermost mucosa, the submucosa, the muscularis, and the outermost serosa [9].

6.1 Mucosa

It is the innermost layer facing the lumen. It is lined with secretary layers of
columnar epithelium. The embryo after a series of changes including zygote, two-
cell (blastomeres) stage, morula (16-cell stage), blastula (inner cell mass leads to
embryo, and the outer cell mass leads to the formation of the placenta, with the
formation of fluid filled cavity), and gastrula (where formation of three character-
istic embryonic germ layers occurs) is implanted in the endometrial mucosa with a
layer of trophoblast [1]. The trophoblastic cell layers are proliferated in the lamina
propria (uterine stroma) forming lacunae. The lacunae form an open connection
with the maternal sinusoid in the uterine stroma, which results in the establishment
of the uteroplacental circulation. The endometrial glands develop from the mucosa
and invaginate inward into the submucosa adopting a coiled shape. The endometrial
glands secrete PGF2 alpha at a critical time during estrous cycle that causes
luteolysis of corpus luteum if the animal is not pregnant [12]. The endometrium of
ruminants has caruncles that are highly vascularized and provide a maternal portion
of the placenta if attachment of the embryo occurs. While these caruncles are absent
in sow and mare, instead endometrial folds are present. These endometrial folds
provide uterine surface for the attachment of the placenta. So, the uterus is the
place where attachment and nourishment of the fertilized ova take place, and it
helps in pushing the baby during parturition [8].

6.2 Submucosa

After the mucosa, a layer of submucosa is present. It houses a rich blood supply,
nerve endings, and the lymphatics in addition to the rich supply of mononuclear
cells. It has a role in providing nutrition and maintaining coordination and has
supporting effect to the mucosa [9]. The muscularis is present beneath the submu-
cosa and consists of double arranged layers of smooth muscles like longitudinal
muscles (outer layer) and inner circular muscles (inner layer). A very prominent
third layer of smooth muscle in oblique arrangement can also be seen in the gravid
uterus. These layers played a very important function by providing the uterus with
the ability to contract, and that contraction is very important on the following basis:

• Transportation of the secretary products

• Transportation of the gametes (sperm and ova)
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• Movement of early embryo to the appropriate location

• Maintaining and nourishment of the embryo and fetus

It also has a key role in the expulsion of the fetus and fetal membranes at the
time of parturition.

6.3 Serosa

It is the outer covering of the uterus that consists of a single layer of squamous cells.

7. Gross and microscopic structures and functions of the cervix

The whole reproductive tract is tubular except the ovary. The cervix is a thick-
walled tubular structure where mucosa-submucosa-derived folds or rings are pre-
sent, but their number varies from species to species. Only onefold is seen in bitch
and queen, but multiple folds are seen in cow, ewe, sow, and mare. In cow and ewe,
rings/folds are having interlocking finger-like projections. In pigs, rings interdigi-
tate so interdigitation is seen in them. The cervix is soft in mare due to the presence
of loose folds of the mucosa. In a bitch the cervix is smooth due to lack of folds. The
primary function of the cervix is lubrication of the canal which is required during
copulation [8]. Lubrication is by two types of secretions, e.g., the sulfomucin which
is viscous (mobility is directed toward exterior (vagina) and inhibits sperm trans-
port in the uterus), and the sialomucins which facilitate the sperm to move into the
uterus. The cervix isolates the conceptus inside the uterus from the outer environ-
ment by the formation of cervical seal under the action of progesterone which
thickens the mucus produced in the cervix and glues the folding together to prevent
entry of microbes during pregnancy.

Like other tubular organs, it consists of four tunics/laminae, i.e., mucosa, submu-
cosa, muscularis, and serosa/adventitia [9]. The mucosal tunics of the endocervix are
lined by simple columnar epithelium along with the presence of mucus-producing
cells called goblet cells. In some animal species, a few columnar cells are found
ciliated and in simple tubular glands may be seen in the ruminant’s mucosa. In the
case of pigs, up to 90% of the mucosal lining epithelium is stratified squamous. Most
of the ectocervical portion of the cervical mucosa is lined by the stratified squamous
epithelium. Mucosa and the submucosa form folds into the cervical lumen. These
folds vary in height, width, and thickness from species to species. The lamina propria
of the mucosa and submucosa combines to form propria-submucosa. This propria-
submucosa is heavily infiltrated by dense irregular connective tissue and supply of
rich blood vessels extended deep in the submucosa. The muscularis layer is composed
of two smooth muscle layers. The inner layer is circular layer and the outer layer is
longitudinal in arrangements. The myenteric plexus is present in the muscular layers.
Some elastic fibers are also observed in this layer. Serosa/adventitia is a loose connec-
tive tissue layer present in the outer surface. This layer is surrounded by the meso-
thelium which is a layer of simple squamous epithelium. Gartner’s ducts may be seen
in serosal layer unilateral or bilateral.

7.1 Functions of the cervix

During estrus stage of estrous cycle, the mucosa is responsible for mucus secre-
tion. Dense irregular connective tissue becomes edematous and forms areolar
structure, i.e., loose connective tissue. Circular muscular layer along with elastic
fiber is responsible for the involution of the cervix after parturition [8].
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8. Gross and microscopic anatomy of the vulva and its role in
reproduction

The vulva is the most outer part of the female reproductive track immediately
external to the vaginae. It is composed of various structures, including the mons
pubis, clitoris, labia minora, labia majora, vulvar vestibule, vestibulovaginal bulbs,
urethral meatus, hymen, and Bartholin and Skene glands and ducts. Bartholin
glands are like the bulbourethral glands in male. The female clitoris is like the penis
of the males [13]. The hymen is the stratified squamous nonkeratinized epithelium.
The lateral vulvar surfaces are made up of labia majora and are comprised of fibrous
and adipose folds. The labia minora also consists of connective tissue in two folds
containing few (if any) adipose tissues. The labia minora is bifurcated anteriorly.
The vestibule is the zone between Hart’s line and the hymen, which consists of
stratified squamous nonkeratinized epithelium [9]. The following are the glands
present in the vulvar region of the female reproductive system:

• Apocrine glands (scent glands)

• Skene glands

• Sebaceous glands

• Eccrine glands (sweat glands)

8.1 Microscopic anatomy of vulva

Vaginal lining epithelium is stratified squamous and nonkeratinized, whereas
the epithelium of the labia majora is stratified squamous and keratinized. Micro-
scopic layers of the vulva are the mucosa, submucosa, muscularis, and serosa
[14, 15]. Glands are present in the submucosal layer and the innermost layer is the
mucosa.

8.2 Role of the vulva in reproduction

Being a gateway to the uterus, its primary role is to offer protection by closing
the labia [16]. The external uterine orifice is protected by the vulva supported by
thick large lips of labia majora along with small lips of labia minora. The urethra
also opens in the vulva that is known as the urethral meatus, thus performing a
function of urine passage. It also gives the pathway for sperm for entry in the
body. Sometimes due to the folds and the moisture, the fungal infection may occur.
The area between the opening of the vagina and the anus, below the labia majora,
is called the perineum [12]. By observing the vulva, we can detect if the female is in
estrous or not. If the vulva is thick and edematous, it is in the heat, and if not
the female is not in the heat; this is due to the estrogen level in the female
body. The penis like clitoris detects the nerve stimuli and performs the following
functions:

• Enabling sperm to enter in the body of female

• Protecting the internal genital organs from infection causing organisms

• Providing the sexual pleasure
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9. Type of sperm which is most favorable for fertilization

As we know around 250 million sperm cells enter the female external genitalia,
but just a few thousands can enter the fallopian tube, and only a single sperm will
fertilize the ova [14]. Several problems and barriers came in the pathway of the
spermatozoa to touch the final goal. These range from the low pH in and around the
vagina, the mucus of the cervix, the narrowness of the uterotubal junction (the
entrance of the cervix), the WBCs of the immune system which treat the sperma-
tozoa as a foreign entity to destroy, cell-to-cell interactions, gene expression, phe-
notypic sperm traits, sperm motility defects, DNA status, lack of capacitation or
morphological normality, and failure of abnormal spermatozoa to reach to the site
of fertilization. The wall of seminiferous tubules which are the coiled structure is
responsible to produce the sperm. For a spermatozoon, around 28–42 days is lapsed
to cross the male reproductive system. In the female reproductive tract, sperm
undergo changes that help in fertilization called activation and capacitation, but all
sperm are not capacitated at the same time; therefore, all sperm are not able to
fertilize the cells [16]. However, several mechanisms that aid this process are good
motility, adequate morphology, and normal DNA status of the cell. A sperm which
has normal head, nucleus, and tail and has a moderate motility is considerable to
fertilize the egg [17]. The sperm are guided upon their journey by the chemical and
the temperature signals. A sperm reservoir in the fallopian tubes, where sperms
bind to the epithelial lining (columnar in shape) of the tubes, reduces the chance of
fertilization by multiple sperm. During ovulation, the sperm are hyperactivated to
help them to the penetration of the mucus in the fallopian tubes and the outer
coating of the egg. Sperm outer membrane fuses with egg outer membrane to
facilitate fertilization. Acrosomal reaction occurs in the sperm head once the sper-
matozoa reached the ova. Acrosin enzyme helps in acrosomal reaction. Hyaluronic
acid enzyme has an important role in the permeability and motility of sperms and
their interactions with gametes. Formation of a functional reservoir through epi-
thelial binding of sperm to the oviductal isthmus reduces the likelihood of the
polyspermic fertilization. Motility or hyperactivation helps sperm in penetrating the
mucus in the fallopian tubes and the cumulus oophorus (corona radiata), and the
acrosome exocytosis may assist penetration of oocyte zona pellucida that proceeds
the fusion within oocyte plasma membrane. Zona pellucida then undergoes bio-
chemical changes so that further sperm cannot penetrate the cell called zona block
[17]. In addition to alteration of zona pellucida, the cortical reaction reduces the
ability of oocyte plasma membrane to fuse with additional spermatozoa, thus caus-
ing vitelline block. Both zona block and vitelline block prevent polyspermy.

10. The type of ova that is most favorable for fertilization

Fertilization is a process in which male and female gametes fuse to form a
zygote. Ovum is the female gamete, and its selection is the criteria of fertilization.
There are many factors that are responsible for its selection including follicular
dominance, cumulus oophorus formation, cumulus oocyte complex formation,
fimbrial supportive structure, and zona pellucidal layer that enable sperm to fuse
with ovum.

Follicular dominance is based on E2 production. The follicle, which has greater
ability of E2 production, has greater capability of its dominance. Dominancy is
responsible for onward ovulation. Ovulated egg is surrounded by two protective
layers [9]. Corona radiata is the outermost layer containing granulosal cells, and

8

Reproductive Biology and Technology in Animals



zona pellucida is the innermost thick transparent glycoprotein membranes sur-
rounding the plasma membranes. With a maturation of oocyte, multiple granulosal
cells enlarge called cumulus oophorus [3]. This oocyte and granulosal cells form
complex known as cumulus oocyte complex (COC). The cumulus of mature COC
adheres to the surface of fimbriae as sticky substances. After the sex hormones
signal the fimbriae, it contracts and releases oocyte. After release, oocyte has only
24–28 hours to fuse with sperm; otherwise, it is lost. Oocyte releases some chemicals
that attract the sperm, and the sperm tries to penetrate two protective layers of
oocyte. First it burrows to the cell of corona radiata and then move toward zona
pellucida layer. Zona pellucida is composed of four glycoproteins ZP1, ZP2, ZP3,
and ZP4. The primary ligand of sperm oocyte binding is ZP3 and ZP4. Both induce
acrosomal reaction of sperm to complete fusion reaction and form a zygote [18].
These factors make the ovum gamete most favorable for fertilization.

11. Conclusion

The microarchitectural examination of the reproductive organs at microscopic
level is very much important to recognize its structure and function during repro-
ductive physiology. Furthermore, this chapter highlighted the dealing of the lining
mucosa with the fertilized ovum and conceptus.
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Chapter

Oocyte Meiotic Resumption under 
High Surveillance
François J. Richard

Abstract

Germinal vesicle breakdown (GVBD) is the hallmark of oocyte meiotic resump-
tion. It occurs under minimal stimulation during in vitro maturation (IVM). 
Several factors have been described to be involved in the inhibition of oocyte 
meiotic resumption such as purine derivatives. This study was assessing whether 
adenosinergic and guanosinergic systems are functional and participating in the 
inhibition of oocyte maturation. The objectives of the present study were to evalu-
ate the effect of two purines, adenosine (ADO) and guanosine (GUO), on in vitro 
oocyte meiotic resumption, cumulus cell expansion, and gap junction communica-
tion. Both ADO and GUO significantly inhibited GVBD oocytes. The inhibitory 
effect lasted 24 hours and was reversible for meiotic resumption and cumulus cell 
expansion. Both ADO and GUO increased gap junction communication in cumulus 
cells. Equine chorionic gonadotropin (eCG) and the adenylyl cyclase stimulator, 
forskolin (FK), were both supportive of ADO and GUO inhibitory effect. The 
results are suggesting both adenosinergic and guanosinergic systems efficient in 
inhibiting oocyte meiotic resumption. The use of these two systems as part of a pre-
IVM culture period would be a novel strategy to explore in order to improve oocyte 
developmental competence.

Keywords: oocyte, purine, adenosine, guanosine, meiotic resumption

1. Introduction

Oocyte meiosis begins during fetal development in large animals such as in cow,
sow, and ewe. Once the sub-phases of the first prophase are completed, the oocyte 
meiosis stops at the dictyate stage. At this point, crossing over is a past event and 
chromatin is accessible for transcription. This G2/M phase transition of the cell 
cycle characterizes mammalian oocytes. The female gamete bears 4n chromosomes 
as long as the ovulatory LH peak generates its effect on the preovulatory follicle to 
induce oocyte meiotic resumption. Dysregulation of the oocyte cell cycle induced 
by c-MOS proto-oncogene after gene null mutation caused parthenogenic develop-
ment of the oocyte and explained female mouse infertility [1]. This phenotype 
illustrates how important it is to appropriately control oocyte meiotic resumption.

Oocyte meiotic resumption is a highly important physiological event for species 
survival since it refers to a successful reproduction by appropriately preparing the 
female gamete. This unique cell division has to occur at the right time and imply 
high surveillance. From an evolutionary point of view, the number of female 
gametes produced went from a large number, such as in frog, to a small number in 
mammals. Although several thousands of oocytes are found in the ovaries, only a 
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small percentage is ovulated, and even less are fertilized. Considering this selec-
tive restriction, a framework of the meiotic resumption process has developed. 
Throughout the evolutionary process, mechanisms have been added to ensure a very 
precise control of this crucial event related to species survival, which is the final 
phase of gamete preparation for fertilization. Interestingly, the role of EGF-like 
peptides fully fits with this notion. It is well-known that the LH peak induces oocyte 
meiotic resumption in the preovulatory follicles. However, the EGF-like peptides are 
also active participants in the ovulatory process, meiotic resumption, and cumulus 
cell expansion, clearly supporting an add-up to the LH surge. Going back to the 
control of oocyte meiotic resumption, although the contribution of cAMP and 
cGMP is well described, it is obvious that other mechanisms may still be involved 
and be discovered.

It has long been known that adenosine (ADO) is a molecule playing an impor-
tant role in various physiological systems such as in the central nervous system and 
cardiac function [2]. On the other hand, there are very few studies on the role of 
ADO in mammalian ovarian follicle. ADO is known to act on specific receptors, to 
cross plasma membrane using transporters, and to be generated from functional 
catabolism by extracellular enzymes, a system called adenosinergic [3]. On the 
other hand, guanosine (GUO) has not been as popular in research. However, in 
recent years a new interest on GUO has revealed its importance in the effect of ADO 
on the functioning of the central nervous system [4]. Although no specific receptor 
for GUO has been yet identified, its physiological impact leaves no doubt. GUO has 
neuroprotective effects, it diminishes the apoptotic effects observed in Parkinson’s 
disease, and it also has a protective role during a challenge with glutamate, during 
mitochondrial stress, and during ischemia [4–6]. Because GUO can also be gener-
ated by a functional catabolism using extracellular enzymes, these results support 
the existence of a so-called guanosinergic system.

ADO has also been identified in the follicular fluid with several other purine 
derivatives. Among these derivatives, hypoxanthine is the compound that has 
attracted the most studies in last three decades. In mice, ADO improves the inhibi-
tory effect of hypoxanthine on the resumption of meiosis but has no effect when 
used alone, even at a dose of 5 mM [7]. In the rat, the effect of ADO is also minimal 
[8]. In cattle, ADO used at 200 μM slowed meiotic resumption [9]. There is one 
study reporting that it has not been able to measure GUO in follicular fluid [10]. In 
contrast, GUO showed a very potent effect on the inhibition of meiotic resumption 
in mice [10] and rat [8].

This study is proposing to assess whether an adenosinergic and guanosinergic 
system are functional and participating in the inhibition of oocyte meiotic resump-
tion. Specifically, the research presented here aims to study the involvement of 
ADO and GUO in the physiology of the ovarian follicle by targeting their effect on 
in vitro meiotic resumption using swine as the animal model.

2. Material and methods

2.1 Chemicals

Unless otherwise stated, all chemicals were purchased from Sigma Chemical Co. 
(St. Louis, MO, USA). The adenylyl cyclase activator, forskolin (FK), was prepared 
as a millimolar stock solution and stored at −20°C as already described [11]. ADO 
and GUO were prepared from the stock powder directly in the culture medium on 
the day of the experiment. 8-Bromoadenosine (8-BrADO) and 8-Bromoguanosine 
(8-BrGUO) were dissolved in DMSO, and a DMSO control was run simultaneously. 
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The chemicals were added to the maturation medium a few hours prior to the addi-
tion of the oocytes.

2.2 Ovary collections

As previously described, prepubertal gilt ovaries were collected from a local 
slaughterhouse [12]. In brief, they were placed in saline (0.9% NaCl containing 
antibiotics and antimycotics, 100,000 IU/L penicillin G, 100 mg/L streptomycin, 
250 μg/L amphotericin B) and kept at 37°C. They were rinsed once in a fresh saline 
solution having antibiotics and antimycotics at 37°C.

2.3 Maturation medium

Oocytes were matured in BSA-free North Carolina State University 23 (NCSU) 
medium [13] supplemented with 25 μM β-mercaptoethanol (Bio-Rad, Hercules, 
CA, USA), 0.1 mg/mL cysteine, 10% (v/v) porcine follicular fluid (PFF), and 
gonadotropins (2.5 IU/well for hCG [APL, Ayerst Laboratories Inc., Philadelphia, 
PA, USA] and 2.5 IU/well for eCG [Folligon, Intervet, Whitby, ON, Canada]) 
[12]. PFF was collected from follicles of 2–6 mm in diameter. After centrifugation 
(1500×g, 30 minutes), the supernatant was filtered (0.8 and 0.45 μm) and stored at 
−20°C until used [11].

2.4 Recovery of cumulus-oocyte complexes (COC)

Cumulus-oocyte complexes were collected from follicles of 2–6 mm in 
diameter. They were aspirated with a 10-mL syringe and an 18G needle [11]. The 
follicular contents were pooled in 50-mL conical tubes (Falcon, Franklin Lakes, 
NJ, USA). The pellet was washed twice with HEPES-buffered Tyrode’s medium 
containing 0.01% (w/v) polyvinyl alcohol (PVA-TLH) [14]. The COC were 
recovered under a stereomicroscope and transferred to a petri dish containing 
PVA-TLH. The COC were washed three times with PVA-TLH and then subjected 
to their respective treatments. Groups of 20–30 COC were placed in the wells of 
four-well multi-dishes (Nunc, Roskilde, Denmark) containing 500 μL of matura-
tion medium. The COC were cultured at 38.5°C, 5% CO2 in 95% air atmosphere 
with 100% humidity.

2.5 Selecting COC and denuding oocytes

The criteria of selection were COC with a minimum of three layers of clear 
and compact cumulus cells which surrounded the oocyte [12]. Those with dark, 
pyknotic, or expanded cumulus cells, and those containing oocytes with a very 
clear cytoplasm or of small diameter were rejected. The oocytes were denuded of 
their cumulus cells by drawing several times the COC into a pipette using PVA-
TLH. Once denuded, the oocytes were rinsed in PVA-TLH, and those with a homo-
geneous cytoplasm were selected.

2.6 Assessment of oocyte nuclear maturation stage

The oocyte nuclear maturation stage was evaluated following a 48-hour fixa-
tion period in a solution of ethanol and acetic acid (3:1). Using a phase contrast 
microscope at 100 and 400× magnification immediately after staining with 1% 
aceto-orcein [15] allows us to assess oocyte nuclear maturation stage. Those having 
a nuclear membrane were considered at the germinal vesicle (GV) stage, whereas 
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those without a nuclear membrane were considered to have resumed meiosis. The 
oocytes were considered mature when they were in anaphase I, telophase I, and 
metaphase II.

2.7  Cumulus-cumulus gap-FRAP assay to measure gap junction 
communications (GJC)

After 4 hours of in vitro culture, COC were loaded with calcein-AM 
(39,69-di(O-acetyl)-29,79-bis(N,N-bis(carboxymethyl) amino methyl)-fluores-
cein) and tetra(acetoxymethyl ester) (Molecular Probes C-3100) in IVM medium 
containing 0.1 mg/mL PVA [16]. After 20 minutes at 38.5°C, the live COC were 
mounted on glass slides in the PVA-containing IVM medium. Fluorescence recovery 
after photobleaching (FRAP) assays were conducted using Nikon Eclipse TE2000-E 
inverted confocal microscope. The bleaching was performed for 5 minutes using 
laser pulses on a limited region of cumulus cells observed at a magnification of 90×. 
The COC were photographed at 60× before bleaching and every 3 minutes there-
after for 12 minutes. Fluorescence intensity was quantified using ImageJ software 
(National Institutes of Health, USA). A relative fluorescence value was achieved by 
dividing the raw fluorescence measurement in the bleached area by the mean fluo-
rescence in two adjacent regions. This value was further divided by the fluorescence 
value of a region at the opposite end of the COC to correct for unintended bleaching 
caused by the laser excitation.

2.8 Statistical analyses

All values are presented with their corresponding SEM, and the number of rep-
licates is indicated for each experiment (at least three). The data were analyzed by 
one-way ANOVA using GraphPad Prism v7.02 for Windows (GraphPad Software, San 
Diego, CA, USA). When ANOVA indicated a significant effect of treatment (P < 0.05), 
individual treatment differences were compared using Bonferroni’s multiple compari-
son post-hoc test. Significant effects were identified by * or different letters.

3. Results

In our hands, prior to in vitro maturation, more than 95% of swine oocytes have
not started their nuclear maturation, that is, their meiotic resumption (<5% of 
GVDB oocytes), and cumulus cells have not expanded yet [12].

3.1 Adenosine inhibits oocyte meiotic resumption

The first experiment is aiming to assess ADO on inhibition of oocyte 
GVBD. When COC are cultured for 24 hours in control treatment, more than 
94.3 ± 3.0% of the oocytes were in GVBD, that is, oocyte meiotic resumption took 
place (Figure 1A). The inhibitory effect of ADO was dose-dependent with only 
13.9 ± 2.1% in GVBD after an exposure to ADO at 2.0 mM for 24 hours (Figure 1A). 
The EC50 of ADO on the percentage of GVBD oocyte is calculated as already 
described [11] and determined to be 1.3 mM. In addition, at 2.0 mM ADO inhibited 
cumulus cell expansion (Figure 1B5) compared with the control (Figure 1B1). When 
cultured for 24 hours as oocytes denuded of their cumulus cells (DO), ADO (2.0 mM) 
did not significantly inhibit oocyte GVBD compared with the control conditions 
(Figure 1C). These results support an inhibitory effect of ADO on both oocyte 
meiotic resumption and cumulus expansion when cultured as COC but not as DO.
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3.2 Cell-permeable analog of adenosine (8-BrADO) inhibits GVBD

The following experiment is performed to assess a membrane-permeable 
analog of ADO, 8-BrADO (mimicking the intracellular effect). When COC are 
cultured for 24 hours, 12.2 ± 2.7% of the oocytes were in GVBD when treated 
with 2.0 mM ADO and 15.9 ± 0.8% when treated with 2.0 mM 8-BrADO 
(Figure 2A). These two treatments are significantly different to the control 
treatment (88.7 ± 2.9%; Figure 2A). The inhibition of cumulus cell expansion is 
also observed in both treatments (Figure 2B2 and B3). These results support that 
the inhibitory effect of ADO may be mimicked by the cell-permeable analog of 
adenosine, 8-BrADO.

3.3 Reversibility of GVBD inhibition

To assess the reversibility, the test compounds (ADO and 8-BrADO) are washed 
out, and the COC are cultured under control conditions for a second 24-hour 

Figure 1. 
Dose-response of ADO on both (A) the percentage of GVBD oocyte and (B) cumulus cell expansion. (C) Effect 
of ADO (2.0 mM) on the percentage of denuded oocytes in GVBD. Data are presented as the mean ± SEM of 
a minimum of three replicates. The number of oocytes used is illustrated in parentheses. Statistically significant 
effect of the treatment at P < 0.05 is shown by *. In (B) treatments were (1) Ct, (2) ADO 0.25 mM, (3) ADO 
0.5 mM, (4) ADO 1.0 mM, and (5) ADO 2.0 mM.
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period. The ADO-treated oocytes resumed meiosis showing no statistical differ-
ence with the control treatment, whereas a significant lower percentage of GVBD 
oocytes is observed following treatment with 8-BrADO (Figure 2C). Cumulus cell 
expansion is compromised by 8-BrADO (Figure 2D4), supporting an impairment 
of oocyte maturation (nuclear maturation and cumulus cell expansion) when 
using the halogenate compound. However, cumulus cells are expanding following 
reversibility treatment of the ADO-treated COC (Figure 2D2), supporting the 
reversibility of the ADO inhibitory effect. The appropriate controls are presented in 
Figure 2D1 and D3. These data are supportive of an adenosinergic system involved 
in the control of oocyte meiotic resumption.

Figure 2. 
Comparison of the effect of ADO (2.0 mM) with the cell-permeable analog 8-BrADO (2.0 mM) on both 
the percentage of GVBD oocytes and cumulus cell expansion after (A–B) 24 hours and (C–D) reversibility 
of 24 hours (Rev). DMSO treatment at 0.1% is the control for 8-BrADO. (C) Reversibility: COC were first 
cultured for 24 hours according to treatment and then cultured for a second 24 hours in control culture medium 
(Ct) to assess the reversibility of the inhibition of oocyte meiotic resumption. Data are expressed as the mean 
±SEM of a minimum of three replicates. The number of oocytes used is illustrated in parentheses. Statistically 
significant effect of treatment at P < 0.05 is shown by different letters and *. In (B), treatments were (1) Ct, (2) 
ADO, and (3) 8-BrADO. In (D) treatments were (1) Ct, (2) ADO, (3) DMSO, and (4) 8-BrADO.
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3.4  Gap junction communications measured by cumulus-cumulus gap-FRAP 
assay

Since gap junction communications are highly regulated during in vitro matura-
tion [17, 18], the aim of the following experiment was to measure the impact of 

Figure 3. 
Effect of ADO (A) on gap junction communication, (B) according to hormonal supplementation, and (C) according 
to FK supplementation. (A) The effect of ADO (2.0 mM) on gap junction communications in between cumulus 
cells measured by fluorescent recovery after photobleaching after 4 hours of in vitro culture. The COC were prepared 
using calcein-AM as fluorescent probe. The data were plotted as relative intensity and presented as the mean ±SEM 
of a minimum of three replicates. ADO-treated cumulus cells recover significantly more fluorescence than the control 
cumulus cells (P < 0.05). (B) The effect of ADO according to hormonal supplementation on the percentage of GVBD 
oocyte after 24 hours of in vitro maturation. ADO (2.0 mM) was added either with eCG or hCG or both eCG and 
hCG. Data are expressed as the mean ± SEM of a minimum of three replicates. Statistically significant effect of the 
treatment at P < 0.05 is shown by *. (C) The effect of ADO (2.0 mM) in the presence of either eCG and hCG or the 
adenylyl cyclase activator forskolin (FK, 1.1 μM), for 24 hours on the percentage of GVBD oocyte. Data are expressed 
as the mean ± SEM of a minimum of three replicates. The number of oocytes used is illustrated in parentheses. 
Statistically significant effect of the treatment at P < 0.05 is shown by *.
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ADO treatment on gap junction communications measured by cumulus-cumulus 
gap-FRAP assay using calcein-AM as already described [12, 16]. Gap junction com-
munication in cumulus cells was assessed after a 4-hour incubation in the presence 
of ADO (2.0 mM). The results show that gap junction communications between 
cumulus cells is increased following ADO treatment compared with the control 
treatment (Figure 3A). These results support that ADO maintains functional gap 
junctional communications between cumulus cells.

3.5 The contribution of eCG in adenosine treatment

The goal of the following experiment was to assess the contribution of 
gonadotropins in ADO-treated COC. The effect of ADO in inhibiting GVBD 
oocytes is observed in the presence of either eCG or hCG, or both in combination 
(Figure 3B). Comparison of ADO treatment supplemented with these hormones 
revealed no significant difference between eCG and the combination of eCG and 
hCG. However, a significant decrease in the percentage of GVBD was measured 

Figure 4. 
The effect of GUO (A) on the percentage of GVBD oocytes, (B) on cumulus cell expansion, (C) on 
reversibility, (D) on gap junction communication, and (E) according to FK supplementation. (A–B) 
Comparison of the effect of GUO (2.0 mM) and 8-BrGUO (2.0 mM) after 24 hours. (C) Reversibility: COC 
were first cultured for 24 hours in the presence of 2.0 mM of GUO and then cultured for a second 24 hours in 
control culture medium (Ct) to assess the reversibility of the inhibition of oocyte meiotic resumption. Data are 
expressed as the mean ± SEM of a minimum of three replicates. The number of oocytes used is illustrated in 
parentheses. Statistically significant effect of the treatment at P < 0.05 is shown by different letters. (D) The 
effect of GUO (2.0 mM) on gap junction communications in between cumulus cells measured by fluorescent 
recovery after photobleaching after 4 hours of in vitro culture. The data were plotted as relative intensity and 
presented as the mean ± SEM of a minimum of three replicates. GUO-treated cumulus cells recover significantly 
more fluorescence than the control cumulus cells (P < 0.05). (E) The effect of GUO (2.0 mM) in the presence of 
either eCG and hCG or the adenylyl cyclase activator forskolin (FK, 1.1 μM), for 24 hours on the percentage of 
GVBD oocyte. Data are expressed as the mean ± SEM of a minimum of three replicates. The number of oocytes 
used is illustrated in parentheses. Statistically significant effect of the treatment at P < 0.05 is shown by *. In 
(B), treatments were (1) Ct, (2) GUO, and (3) 8-BrGUO.
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between hCG alone and the combination of hCG and eCG (Figure 3B), showing 
the significant contribution of eCG to ADO-inhibiting GVBD, yet supporting an 
adenosinergic system.

3.6 Adenylyl cyclase activator (forskolin)

Since eCG contributes to ADO inhibitory effect, the following experiment was 
to evaluate the involvement of cAMP while using the adenylyl cyclase activator, 
forskolin. On itself, forskolin is significantly decreasing the percentage of GVBD 
oocytes (Figure 3C). ADO was significantly inhibiting GVBD both in presence 
of eCG-hCG and forskolin (Figure 3C). However, forskolin was not significantly 

Figure 5. 
The effect of supplementing both ADO and GUO (2.0 mM each) on (A) the percentage of oocyte meiotic 
resumption and (B) cumulus cell expansion. Data are expressed as the mean ± SEM of a minimum of three 
replicates. The number of oocytes used is illustrated in parentheses. Statistically significant effect of the treatment 
at P < 0.05 is shown by different letters. (B) The treatments were (1) Ct, (2) ADO 2.0 mM, (3) GUO 2.0 mM, 
(4) ADO 2.0 mM and GUO 2.0 mM.
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changing the percentage of GVBD compared with eCG-hCG (Figure 3C). The 
results are proposing the contribution of cAMP to ADO-inhibiting GVBD.

3.7 Guanosine inhibits oocyte meiotic resumption

High-performance liquid chromatography was used to detect the presence of 
GUO in porcine follicular fluid from follicles of 2–6 mm in diameter (data not 
shown). Since GUO was detected in PFF, we undertook to assess whether GUO 
could play a role in inhibiting GVBD. Figure 4 shows the significant effect of GUO 
in inhibiting both GVBD and cumulus expansion after 24 hours, highlighting the 
contribution of GUO in oocyte maturation. However, the membrane-permeable 
analog 8-BrGUO did not significantly inhibit GVBD (Figure 4A). Cumulus cell 
expansion was observed (Figure 4B3), supporting the inefficacy of 8-BrGUO in 
inhibiting oocyte GVBD and cumulus cell expansion. The reversibility treatment 
showed that GUO-treated COC resumed meiosis without any statistical significance 
compared with the control treatment (Figure 4C), supporting the reversibility of 
GUO inhibitory effect on GVBD. As ADO, GUO was also significantly increasing 
gap junction communication as measured by gap-FRAP assay (Figure 4D). Finally, 
forskolin was not significantly improving the inhibitory effect of GUO compared 
to eCG-hCG supplementation as measured on the percentage of GVBD oocytes 
(Figure 4E). GUO was also reversibly inhibiting oocyte GVBD, thus supporting a 
guanosinergic system.

3.8 The effect of using both ADO and GUO

The final experiment evaluated the effect of supplementing both ADO and 
GUO at 2.0 mM each on GVBD oocytes using COC (Figure 5A). The results showed 
that ADO, GUO, and both ADO and GUO were all significantly decreasing GVDB 
percentage compared with the control treatment. Although a significant effect of 
adding ADO with GUO was observed when compared with GUO (Figure 5A), the 
impact on the percentage went from 28.6 ± 1.4% for GUO to 11.8 ± 2.5% for ADO 
and GUO. Cumulus cell expansion was inhibited by ADO (Figure 5B2), GUO 
(Figure 5B3), and the combination of ADO and GUO (Figure 5B4) when com-
pared with the control (Figure 5B1).

4. Discussion

The present study showed that both ADO and GUO are efficient in revers-
ibly inhibiting swine oocyte GVBD (Figures 1 and 4). Cumulus cell expansion is 
significantly inhibited after 24 hours in presence to either ADO or GUO (Figures 1 
and 4), supporting that these two purine nucleosides inhibit oocyte maturation 
with low GVBD percentages and no cumulus cell expansion. Both ADO and GUO 
also increased GJC in cumulus cells (Figures 3 and 4). eCG and FK are both sup-
porting the two purines’ inhibitory effect (Figures 3 and 4). The data suggest that 
the inhibitory effect of these two purines on GVBD strengthens the involvement of 
both adenosinergic and guanosinergic systems in meiotic resumption.

Several years ago it was clearly shown that hypoxanthine, a purine derivative, was an 
important component of a low molecular weight fraction from porcine follicular fluid 
and efficient at inhibiting oocyte GVBD [19]. It was also reported that this fraction did 
not exclusively contain hypoxanthine [10]. Although hypoxanthine was efficient in the 
mouse and rat, the question was still not fully assessed regarding the efficacy of ADO 
and GUO on swine COC with respect to the inhibition of oocyte meiotic resumption.
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From a broader perspective, it is known that ADO is involved in several biologi-
cal functions such as nucleotide biosynthesis and cellular energy metabolism [19]. 
The cellular uptake of ADO played by two classes of nucleotide transporters (SLC28 
and SLC29) regulates these biological functions. Inside the cell, ADO is rapidly 
metabolized and either converted to inosine or adenosine monophosphate through 
adenosine deaminase or adenosine kinase, respectively [20]. Alternatively, extracel-
lular ADO may serve as a signaling molecule, which activates adenosine receptors 
(ADORA) on the cell membrane surface. Four different seven-transmembrane 
domain receptors have been described [21]. It has been reported that a low dose 
of ADO (0.2 mM) produced a transient delay in bovine oocyte GVBD [9]. After 
21 hours in culture, neither ADO nor hypoxanthine resulted in an efficient inhi-
bition of oocyte GVBD [9]. In the mouse, 4.0 mM of hypoxanthine was clearly 
efficient at inhibiting oocyte GVBD, while the use of ADO by itself did not produce 
a significant inhibition [10]. However, the efficacy was enhanced when ADO was 
used in combination with hypoxanthine [7]. This was also observed when ADO 
was used together with FSH [22], forskolin [23], or cAMP analogs such as 8-bromo-
cAMP [8]. Although these results have been provided to support that adenosine 
uptake and metabolism contribute to the inhibition of GVBD [24], ample evidence 
shows that functional adenosine receptors are present on ovarian cells [25]. The 
measured concentration of ADO in murine follicular fluid was between 0.38 
and 0.68 mM [7]. In the present study, the inhibitory effect on GVBD was dose-
dependent with an IC50 of 1.3 mM (Figure 1). Using 2.0 mM, ADO was efficient at 
reversibly inhibiting swine oocyte GVBD and cumulus cell expansion (Figure 1).

Although hypoxanthine and ADO have been measured in PFF [10], GUO has 
never been reported. In the present study, GUO has been found in PFF from 2 to 
6 mm diameter follicles (data not shown). While limited information is available 
in the literature regarding GUO, it has been described as having important func-
tions as an intercellular messenger especially in the central nervous system [4]. 
The mechanism underlying the neuroprotective properties of GUO is still not fully 
understood. One working hypothesis is that GUO may exert its biological effect 
by synchronizing distinct signaling pathways that may be related to the activa-
tion of purinergic receptor and specific G-protein binding sites [26–28]. In this 
study, 2.0 mM of GUO is reversibly inhibiting GVBD and cumulus cell expansion 
(Figure 5). In the mouse, GUO (1.0 mM) was reported to inhibit GVBD, while the 
same concentration of either hypoxanthine or ADO was inefficient [10]. In rats, the 
reported order of potency of these nucleosides was GUO > hypoxanthine > ADO 
[8]. In the mouse, there is an assumption based on a synergistic effect of ADO and 
GUO on the inhibition oocyte GVBD [7]. In the present study, the combination at 
2.0 mM significantly increased the effect of GUO (Figure 5). Thus, the inhibitory 
effect of the combination of both ADO and GUO are somewhat additive accord-
ing to the concentration used. Although GUO is proposed to activate a specific 
G-protein-coupled receptor with the involvement of P1 receptor [29], it has been 
recently reported that GUO functions as an extracellular signaling molecule 
without the need for GUO receptors [30]. In vascular smooth muscle cells, extracel-
lular GUO regulated extracellular ADO [30]. This proposed GUO-ADO mechanism 
further regulated cell proliferation in vitro [31] and decreased inflammation in vivo 
[32], supporting the additive inhibitory effect observed on oocyte GVBD.

We recently demonstrated the regulation of gap junction communications 
between cumulus cells during in vitro maturation [16–18]. An increase in gap 
junction communication was evident after 4 hours of in vitro culture [17, 18]. This 
observation provides an indication of how cumulus cells respond to the treatment 
and not only looking at cumulus cell expansion. In the present study, the effect of 
both treatments, ADO and GUO, was to increase gap junction communications 
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compared with the control (Figures 3 and 4). Since gap junction communica-
tions are known to play a primordial role in oocyte maturation [33, 34], this result 
supports a clear impact of the treatments on cumulus cell functions that may be 
beneficial for the oocyte.

This study also provides evidence of hormonal supplementation impacting the 
inhibition of GVBD oocytes by ADO (Figure 3). This ADO-mediated inhibition of 
GVBD oocytes is improved according to the supplementation. Although it is not the 
purpose of this study to understand how this effect is transduced into the cells, eCG 
clearly improved the effect of ADO in the presence of hCG. This FSH-type stimula-
tion seemed to be sufficient since the effect of eCG alone was not significantly 
different from that of eCG and hCG (Figure 3). As it is well-known that cumulus 
cells have an efficient response to FSH [35, 36], the inhibitory effect of ADO is 
significantly increased by FSH. This effect has been reported in the rat where the 
percentage of GVBD oocyte treated with ADO was decreased in the presence of 
FSH [22]. In addition, the FSH-induced granulosa cell differentiation was reduced 
by ADO [37], supporting the involvement of ADO in FSH response.

Although different forms of adenylyl cyclase have been characterized in oocytes and 
in cumulus cells [38], forskolin, a known adenylyl cyclase activator, makes a significant 
contribution to the inhibition of spontaneous maturation in several species as observed 
for rat [39], bovine [40], and porcine [11] oocytes. In the present study, forskolin inhib-
ited oocyte GVBD while treated with ADO (Figure 3C). Similar results were obtained 
in the presence of GUO (Figure 4E). These results support that constant stimulation 
of adenylyl cyclase, which increases the intracellular concentration of cAMP [40], pro-
moted the inhibitory effects of ADO and GUO. In this regard, the results are proposing 
the contribution of cAMP to both ADO- and GUO-inhibiting GVBD.

The effect of the two purines goes well with the current working model of inhi-
bition of oocyte GVBD involving C-type natriuretic peptide (CNP) as an oocyte-
meiosis-inhibiting peptide [41, 42]. CNP is involved in inhibiting oocyte GVBD 
[41, 43, 44]. CNP produced by granulosa cells is a ligand for NPR2, a member of 
guanylyl cyclase receptor family. NPR2 stimulation by CNP increased intracellular 
concentration of cGMP, inhibited oocyte phosphodiesterase type 3A, and thus 
maintained high intra-oocyte concentration of cAMP. The contribution of both 
purine nucleosides supports adenosinergic and guanosinergic system in the inhibi-
tion of oocyte meiotic resumption.

5. Conclusion

In conclusion, this study puts forward the contribution of ADO and GUO as 
inhibitory for oocyte GVBD in vitro suggesting that both adenosinergic and gua-
nosinergic systems are efficient in inhibiting oocyte meiotic resumption. The use of 
these two systems as part of a pre-IVM culture period would be a novel strategy to 
explore in order to improve oocyte developmental competence.

Finally, it should be emphasized that the signaling involved in oocyte meiotic 
resumption may be modulated through the contribution of different pathways. 
The adenosinergic and guanosinergic systems of which we have presented the 
contribution illustrate this situation for meiotic resumption. It is also to be expected 
that other studies will pave the way for additional contributions. For example, 
a preliminary study from our lab revealed that, as demonstrated in bovine [45], 
porcine theca cells secreted efficient factors involved in oocyte meiotic resumption. 
Without knowing these secreted elements, this result highlights that oocyte meiotic 
resumption is under the control of the ovarian follicular cells. Meiotic resumption is 
thus under high surveillance!
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Abstract

To determine the value of pre and post weaning nutrition on puberty age, some 
hormonal concentrations and tail measures in ewe lambs, a total of 40 clinically 
health Kurdish female lambs (30±8.6 d and weighing 10.2±3.4 kg) were randomly 
allocated to one of two experimental diets in pre-weaning period: high quality diet 
(HQD, 2.50 Mcal ME/kg dry matter (DM) and 148 g CP/kg DM) or low quality 
diet (LQD, 2.02 Mcal ME/kg DM and 87 g CP/kg DM). At weaning, one half of 
lambs from each group was randomly separated and assigned to HQD or LQD. So 
there were four treatment groups in post-weaning period: H-H (HQD pre- and 
post-weaning); H-L (HQD pre-weaning and LQD post-weaning); L-H (LQD pre-
weaning and HQD post-weaning) and L-L (LQD pre and post-weaning, control 
group). Within the post-weaning, serum progesterone concentrations was greater 
for ewe lambs fed at H-H group than for other groups (P<0.05). Serum insulin 
concentration was affected by the diet quality at both periods (P<0.05). Leptin 
concentration was affected by treatment and ewe lambs of L-H group had higher 
leptin concentrations (P<0.05). Diet plan in the pre-pubertal period was affected 
tail measures in 120 and 210 days of ages (P<0.05).

Keywords: hormone, Kurdish lambs, milk, nutrition plan, reproductive performance

1. Introduction

In tropical, semiarid, and arid areas, animal production is dependent on supple-
mental feeding, especially in the reproductive seasons due to the higher energy 
demand [1]. Reproduction efficiency can play a critical role in determining profit 
potential for livestock production systems. Most sheep breeds become sexually 
active in response to decreasing day length in the late summer to early autumn, 
which is an additional constraint to the timing of puberty in ewe lambs [2]. If a 
ewe lamb fails to achieve puberty in its first autumn, it will be delayed until the 
following breeding [3]. Breeding ewes to lamb at 1 year of age is a potential means 
of improving farm profitability and ewe lifetime performance by reducing the time 
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interval from birth to first lambing, subsequently reducing feed, labor, housing, 
and other costs associated with raising replacement animals [4, 5].

Sexual development is an important factor and can be manipulated by altering 
growth rates [6–8]. During the productive life of ewes, puberty period is critical for 
both animal health and performance. The onset of puberty in sheep is influenced by 
genetic and environmental factors such as nutrition, day length, temperature, and their 
interaction [9]. Ewe lambs growing at faster rates will exhibit their first estrus and are 
more likely to conceive at a lower age and have heavier body weight (BW) than ewe 
lambs growing at slower rates [10]. Because of the importance of BW, environmental 
factors that can affect the rate of growth before and after weaning are important deter-
minants of age at puberty. Mulvaney et al. [11] reported that ewe lambs gaining 208 g/
day compared to 153 g/day were more likely to return to breeding, although overall 
pregnancy rates did not differ. Generally, faster growth is associated with enhanced 
reproductive performance in ewe lambs, i.e., earlier attainment of puberty, more 
intense estrous activity, and higher conception and lambing rates when mated [12].

The most economically important traits in sheep production are growth, 
reproductive performance, and milk production, and there is no study on the 
abovementioned characteristics in Kurdish ewe lambs; therefore, the objective of 
this study was to compare the effects of diet quality fed during the pre-weaning and 
post-weaning periods and potential interactions between pre- and post-weaning 
diets on skeletal growth, reproduction performance, hormone concentrations, and 
milk production during the first lactation in Kurdish ewe lambs.

2. Materials and methods

2.1 Hormonal drugs

Controlled internal drug release (CIDR) with 300 mg of progesterone, a pro-
gestagen analogue (InterAg, Hamilton, New Zealand), PMSG (Folligon; Intervet 
International BV, Boxmeer, the Netherlands), oxytocin (Oxytocin V, 10 IU/ml, 
Phoenix Pharm, Auckland, New Zealand), and commercially available kits of leptin 
(LDN, Germany, LOT: 150873), insulin (DiaMetra, Italy, LOT N: 3949C), and 
progesterone (DiaMetra. Italy. LOT N: 4026) were used.

2.2 Locations, animals, and treatment schedule

This study was performed at the Nomadic Management Department, Ilam 
Province, Iran (33°51´ N, 46°27′ E), from January 2013 to December 2015. All 
procedures involving animal care and management were approved by the University 
of Zanjan Animal Care Committee (proposal no. 1169739). A total of 40 clinically 
health Kurdish female lambs (30 ± 8.6 days and weighing 10.2 ± 3.4 kg) were used. 
At 30 days of age, lambs were randomly housed together with twice daily access to 
their mother’s milk and were allocated to one of the two experimental treatments to 
achieve either high or low rates of BW gain during two consecutive periods, from 
30 to 120 (pre-weaning period) and from 121 to 210 days of age (post-weaning 
period). They were kept in individual pens (1 × 2 m) for three consecutive days every 
2 weeks for recording dry matter intake (DMI). In pre-weaning period, the lambs 
were fed high-quality diet (HQD, n = 20) or low-quality diet (LQD, n = 20), and at 
the weaning time, HQD and LQD fed lambs were re-randomized so that one half 
of lambs from each group is randomly allocated to HQD or LQD. So there were four 
treatment groups (n = 10) in post-weaning period: HQD pre- and post-weaning 
(H-H); HQD pre-weaning and LQD post-weaning (H-L); LQD pre-weaning and 
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HQD post-weaning (L-H); and LQD pre- and post-weaning (L-L, control group). 
The HQD and LQD were formulated according to recommended nutrient require-
ments for small ruminants [13] that received a diet that covered nutrient require-
ments including energy and protein needs for a 20 kg growing lamb with an average 
daily gain (ADG) of 200 and 100 g/day, respectively. Diets were formulated to have 
different metabolize energy (ME) and crude protein (CP) contents. The HQD and 
LQD were contained 2.50 and 2.02 Mcal ME /kg DM and 14.9 and 8.9% CP (DM 
basis), respectively. Rations were totally hand-mixed for each pen and offered in 
equal proportions twice daily at 09:00 and 16:00 in pre- and post-weaning period. 
The ingredients and chemical composition of the experimental diets are shown in 
Table 1.

2.3 Estrous synchronization and pregnancy diagnosis

When ewe lambs reached 210 days old, estrus was induced and synchronized by 
CIDR. Animals were treated with CIDR for 14 days and were injected with 500 IU 
PMSG at the time of CIDR withdrawal. Twenty-four hours after CIDR withdrawal, 
all of ewe lambs were monitored for estrus detection by five intact fertile rams and 
were ultimately naturally bred. The rams remained with the ewe lambs until the ter-
mination of estrous signs. After serving, all ewe lambs were kept together in the same 
nutritional and managerial conditions and reared in the pasture until 2 weeks before 
expected parturition. Pregnancy diagnosis was determined by using of transabdomi-
nal ultrasound (Pie Medical, Falco 100, Netherlands) at 60 days after serving.

2.4 Data collection and calculation

BW was measured every 2 weeks from 30 to 210 days of age. Feed offered and 
feed refusals of individual pens were weighed and recorded daily, and DM content 

Composition (%) Pre- and post-weaning diets

HQD LQD

Alfalfa hay 445.1 —

Wheat straw — 513.7

Ground barley 445.1 428.1

Soybean meal 59.3 —

Calcium carbonate 5.9 6.8

Salt 5.0 5.0

Mineral and vitamin premix* 39.6 46.4

DM 916.0 919.0

CP 148.0 87.0

EE 58.0 22.0

NDF 285.0 450.0

NFC 466.0 371.0

ME (Mcal/kg) 2.50 2.02

Pre- and post-weaning treatments: HQD, high-quality diet; LQD, low-quality diet.
*Each kg (DM basis) of mineral and vitamin premix contained 180 g of Ca, 70 g of P, 35 g of K, 50 g of Na, 58 g 
of Cl, 30 g of Mg, 32 g of S, 5 g of Mn, 4 g of Fe, 3 g of Zn, 300 mg of Cu, 100 mg of I, 100 mg of Co, 20 mg of Se, 
400,000 IU vitamin A, 100,000 IU vitamin D3, and 245 IU vitamin E. DM, dry matter; CP, crude protein; EE, 
ether extract; NFC, nonfiber carbohydrates = 100 – (CP + NDF + EE + ash); ME, metabolite energy.

Table 1. 
Ingredients and chemical composition of experimental diets.
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of total mixed ration (TMR) and orts was determined to estimate DMI. ME and CP 
intake were calculated as DMI from each diet multiplied by their ME and CP con-
tents, respectively [13]. DM, CP, and ether extract (EE) of experimental diets were 
measured according to the methods of AOAC [14]. The neutral detergent fiber (NDF) 
was measured according to the method described by Van Soest et al. [15] without 
α-amylase and sodium sulfite and was expressed exclusive of residual ash. Nonfibrous 
carbohydrates (NFC) were calculated according to NRC [16] dairy cattle model 
as 100 − (CP + NDF + EE + ash). Milk intake by ewe lambs was measured by the 
weigh-suckle-weigh method (WSW) in three consecutive days every 2 weeks from 
the start of study to weaning (30–120 days). At the start of WSW method at each 
suckling occasion (twice daily), ewe lambs were weighed, allowed to suckle the udder 
of their dams, and weighed again immediately after suckling. The difference between 
pre- and post-suckling weights was defined as milk intake (2 months [17]). On each 
milking occasion, ewes were milked by hand after intravenous injection of 1 IU syn-
thetic oxytocin. Milk samples of dams in subsequent lactation were collected in three 
consecutive days every 2 weeks and analyzed for fat, protein, and lactose by using 
of MilkoScan 133B (Foss Electric, Hillerød, Denmark). Milk protein, fat, and lactose 
yields were calculated by multiplying milk yield from the respective day by protein, 
fat, and lactose contents of the milk for each ewe. Milk gross energy (GE) was calcu-
lated as GE = ((0.0547 × CP%) + (0.0929 × Fat%) + (0.0395 × Lactose%)) according 
to NRC [16]. The mean metabolize ability of the ewe milk GE is 0.94 [18]; therefore, 
milk ME content was calculated as GE × 0.94. Energy-corrected milk (ECM) and 
fat-corrected milk (6.5% FCM) were calculated as ECM = (0.327 × kg milk) +  
(12.95 × kg fat) + (7.2 × kg protein) and FCM = milk yield × (0.37 + (0.097 × Fat%)).

2.5 Blood sampling and analysis

Before the first meal of the day, blood samples (5 ml) were collected by jugular 
venipuncture from each lamb every 2 weeks from 90 days of age until puberty (age 
at puberty was assessed by serum concentrations of progesterone, where puberty 
was determined as the age when two consecutive blood samples contained at least 
1 ng of progesterone/mL). Hence, samples were centrifuged for 15 min (3000 rpm), 
and sera were separated into 1.5 ml micro tubes and then placed in freezer (−20°C). 
Serum samples were tested for leptin, insulin, and progesterone by ELISA method. 
Standard commercial kits were used for analysis, and the procedures were adopted 
as recommended by the manufacturer of these kits.

2.6 Statistical analyses

Data were analyzed as a completely randomized design in factorial arrangement 
(2 × 2) by using the mixed model procedure of SAS software [19] with fixed effects 
of treatment and random effects of lamb nested in treatments:

  𝖸𝗂𝗄​  =   μ + 𝖣𝗂 + 𝖫𝗄​ (𝖣𝗂)  + ε𝗂𝗄​  (1)

where Yij = dependent variable; μ = mean; Di = fixed effect of dietary treatment i; 
Lk(Di) = effect of lamb k nested in the dietary treatment; εik = error.

For repeated measure date model:

  𝖸𝗂𝗃𝗄​  =   μ + 𝖣𝗂 + 𝗍𝗂𝗆𝖾𝗃 + 𝖣𝗂 × 𝗍𝗂𝗆𝖾𝗃 + 𝖫𝗄​ (𝖣𝗂)  + ε𝗂𝗃𝗄​  (2)

where timej = effect of time j as a fixed effect.
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Measurements obtained before administration of dietary treatments were used 
as covariates. The covariates were removed from the model one at a time, start-
ing with the least significant. Least square means, standard error of means, and 
P-values are reported. Statistical differences were considered significant when 
P < 0.05 and trends are discussed when P < 0.01.

3. Results and discussion

Kurdish ewe is the most popular indigenous dairy breed of sheep in the west of 
Iran. Its main characteristics are high prolificacy and high milk yield. Considering 
the high genetic potential of Kurdish sheep, it is important to ensure that appropri-
ate management practices are implemented in these intensive production systems.

3.1 Intake, growth, and puberty

Discussing about the topic of sheep and lamb management over the last 
40–50 years traditionally involved sheep management, growth development, and 
early weaning. In the last 10–20 years, the concept of “intensified feeding or accel-
erated growth” has become a focus of discussion, and during that time the concept 
has been applied to research programs and on farm in various ways.

The results of intake and BW that were obtained from ewe lambs pre- and 
post-weaning are summarized in Table 2. Results showed that initial BW was 
similar between all experimental groups (P > 0.05), but ewe lambs fed with HQD 
would gain faster than ewe lambs fed with LQD in BW. And also accelerated BW 
during the prepubertal period was achieved in the current study affecting the age of 
puberty (Table 3); this is in agreement with the results of Rosales et al. [20] in ewe 
lambs. BW includes muscle and fat and thus questions interpretation. An important 
consideration is that BW per se is simply mass and so encompasses physiological 
or mechanistic process that would affect the reproductive system [21]. In 2009 and 
2010, Kenyon et al. indicated that there is a clear positive relationship between BW 
and reproductive performance in ewe lambs that aligns with the results of present 
studies.

Results revealed that the HQD treatment increased DMI, compared with the 
LQD treatment during pre-weaning period (P < 0.01). DMI in L-H group was 
lower than in H-H group, which is similar to the observations by Aguerre et al. 
[22]. DMI in H-L group was greater than in L-L group, lambs fed with the HQD in 
pre-weaning had greater DMI when they were fed with the LQD in post-weaning, 
and it seems that the increase in DMI let to larger body size. Ewe lambs from the 
H-L treatments also experienced reduced growth rates during post-weaning period, 
possible reasons for this result may be the larger body size, higher basal metabolism, 
higher energy, and protein requirements; with regard to rumen capacity and appe-
tite of lambs, the LQD could not cover their needs at period post-weaning. Animals 
of L-H treatment could respond to diet quality changes but with lower rates than 
before weaning. Feeding LQD reduces the weight gain of growing animals and can 
result in greater growth rate once dietary conditions improve, and current results 
are in agreement with those reported by Drouillard et al. (1991).

Ewe lamb fresh milk intake and milk ME and CP intake were not affected by diet 
quality among treatments (P > 0.05, Table 2). During the post-weaning period, 
lambs of H-H treatment had higher (P < 0.01; Table 2) DMI, ME, and CP intake 
compared with other lamb treatments (P > 0.05).

The rates of ADG are shown in Table 2, indicating differences in the timing of 
responses to diet quality. Hence, responses to HQD were much greater at a younger 
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age, while responses to HQD were greater for ewe lambs that fed with LQD at pre-
weaning and then received HQD at post-weaning, which is in agreement with other 
studies on sheep and cattle [23–25]. These authors indicate that increased severity of 
feed restriction is likely to increase the rate of growth after realimentation. Animals 
fed with HQD had higher BW and ADG compared with animals fed with LQD at 
pre-weaning period (P < 0.01). Lambs on the L-H group during the post-weaning had 
higher ADG than lambs on H-L and L-L groups (P < 0.01). However, lambs had higher 
ADG than H-H group, but this difference was not significant (153 vs. 138 g/day).

Growth rate and feed conversion ratio (FCR) are considered key production 
parameters by sheep farmers. Optimizing these parameters can better farm income 
by improving the production of the farm and/or by improving production effi-
ciency (lambs produced per unit of feed consumed). Lambs consuming the HQD in 
pre-weaning had similar FCR with lambs fed with the LQD. Ewe lambs consuming 
the HQD in pre-weaning and LQD in post-weaning (H-L group) had greater FCR 
than other groups (Table 2). Ewe lambs in L-H group had lowest FCR and greater 
feed efficiency than H-H group.

Nutrition is a factor that influences the start of lamb’s puberty and has an 
important effect on sexual maturity [9]. Most Kurdish ewe lambs achieved puberty 
by 210–240 days of age when their average live weight was approximately 35 kg 
or approximately 65% of their estimated mature live weight [26]. The average 
puberty age of H-H and L-H groups was lower than H-L and L-L groups, respec-
tively (P < 0.05, Table 2). Based on the results of current study, ewe lambs with 
higher growth rate were more likely to achieve puberty. And also these lambs were 
heavier at weaning time and grew faster during the post-weaning period. The ewe 
lambs of H-L group were heavier than ewe lambs of L-L group at weaning time and 

Item Pre-weaning 

treatments

Item Post-weaning treatments

HQD LQD HQD LQD

H-H H-L L-H L-L

n 20 20 n 10 10 10 10

Intake Intake

DM (kg/d) 0.97 0.64 DM (kg/day) 1.54 1.21 1.31 0.87

Fresh milk (kg/d) 1.11 1.18 ME (Mcal/day) 3.85 2.42 3.27 1.76

ME (diet + milk, 

Mcal/d)

3.49 2.44 CP (g/day) 228 104 194 76

CP (diet + milk, g/d) 187.4 103 Puberty age (day) 123 254 168 267

BW BW

30 days (kg) 10.1 10.2

120 days (kg) 31.2 22.5 210 days (kg) 43.8 33.9 36.3 26.6

 ADG 30–120 days 

(g/day) 

235 136 ADG 121–210 days 

(g/days)

138 31 153 57

FCR (%) 4.13 4.69 FCR (%) 11.1 38.7 8.57 15.26

Pre-weaning treatments: HQD, high-quality diet; LQD, low-quality diet. Post-weaning treatments: H-H, HQD 
pre- and post-weaning; H-L, HQD pre-weaning and LQD post-weaning; L-H, LQD pre-weaning and HQD post-
weaning; L-L, LQD pre- and post-weaning (control).
DM, dry matter; ME, metabolite energy; CP, crude protein; BW, body weight; ADG, average daily gain; and FCR, 
feed conversion ratio.

Table 2. 
Effects of pre- and post-weaning diet quality on intake and body weight of ewe lambs (30–210 days of age).
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post-weaning period. These results are consistent with previous reports that faster 
growth results in more ewes achieving puberty at a younger age in female sheep 
[20]. Most of the ewe lambs of L-L group did not show puberty at 210 days of age, 
and therefore they were removed from the first reproduction table. The average 
puberty age of H-H sequence was lower than other treatments, with no significant 
interaction of per- and post-weaning (P < 0.05).

3.2 Hormones

The mean of serum insulin and leptin concentrations of ewe lambs at pre- and 
post-weaning is shown in Table 3. Serum insulin concentrations was higher for 
lambs fed with HQD compared with lambs fed with LQD (4.45 vs. 2.09 μIU/ml, 
respectively, Table 3). Animals in H-H treatments had higher serum insulin con-
centration at 210 days of age compared with other treatments, while leptin concen-
tration of ewe lambs of L-H group was higher than in other treatments at 210 days 
of age. These results indicated that maybe increasing weight gain at post-weaning 
contributed with higher fat fraction and also ultrasonography evidence from fat and 
muscle diameter of between 12- and 13-rib area support these results (the results 
were not reported).

Little is known about the importance of leptin in the early postnatal period, 
despite its potential role in important processes such as mammary gland and appe-
tite regulation and a variety of other effects in the body [21]. Leptin is synthesized 
and secreted primarily particularly in adipose tissue, in addition to multiple other 
sites of production including the mammary gland and leptin regulated by multiple 
hormones including somatotropin, insulin, and IGF-I [27]. Leptin concentration 
was positively associated with higher values for growth and fat accumulation and 
therefore with an improvement in reproductive performance [20]. The current 
results support this concept because leptin concentration was positively correlated 
with body fat; however, endocrine links to the reproductive control centers have not 
been clearly identified.

The hormones insulin and leptin have primary roles in the control of repro-
duction in sheep. In times of decreased feeding, these hormones interact at the 
hypothalamus to reduce reproduction and enhance feeding [1]. Thus, nutrient 
reprioritization occurs in part at the expense of reproductive function as a survival 
mechanism. For example, reduced insulin occurs to spare glucose for central 
nervous system function, and reduced leptin occurs to allow stimulation of neuro-
peptide Y to in turn increase appetite as well as changes in anabolic hormones and, 

Item Pre-weaning treatments Post-weaning treatments

HQD LQD HQD LQD

H-H H-L L-H L-L

n 20 20 10 10 10 10

Insulin (μIU/ml) 4.45 2.09 4.48 2.32 3.59 1.35

Leptin (ng/ml) 2.84 2.20 3.03 2.06 3.66 1.98

Progesterone (ng/ml) 1.38 0.76 2.98 1.85 2.42 0.95

Pre-weaning treatments: HQD, high-quality diet; LQD, low-quality diet. Post-weaning treatments: H-H, HQD 
pre- and post-weaning; H-L, HQD pre-weaning and LQD post-weaning; L-H, LQD pre-weaning and HQD post-
weaning; L-L, LQD pre- and post-weaning (control).

Table 3. 
Effects of pre- and post-weaning diet quality on serum insulin and leptin concentrations of ewe lambs 
(30–210 days of age).
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ultimately, reduce Kp and GnRH until feed is more readily available [21]. Rosales 
et al. [20] reported that leptin levels positively correlated with earlier puberty 
onset in ewe lambs. And also these authors reported that leptin concentration was 
not related to age at first estrus, but puberty and BW at first estrus were positively 
correlated with leptin concentration [20, 28, 29].

Progesterone can be used to monitor the pregnancy status and timing of puberty 
[30]. Within the post-weaning, serum progesterone concentrations were greater for 
ewe lambs fed at H-H group than for those fed the L-H, H-L, and L-L treatments, 
respectively (P < 0.05, Table 3). In conclusion, it was concluded that prepubertal 
plan plays an important role in secretion of progesterone, which leads to early 
sexual puberty. The present findings demonstrate that in the female lamb, LQD may 
impair the systems governing the luteinizing hormone that controls follicle growth 
and cycle hormone (progesterone secretion) and delays puberty.

3.3 Tail measures

At the 120 days of age, HQD lambs had higher tail circumference (P < 0.01; 
Table 4), than LQD lambs. At 210 days of age, after a period of feed restriction 
of H-L treatment, the average tail length, tail width, and tail circumference of 
lambs in the H-L group were lower than H-H lambs (P < 0.05; Table 4) but showed 
no difference compared with that of the L-H group (P > 0.05; Table 4). Animal 
growth has been defined as the net accretion of protein and fat in respective tissues, 
controlled by nutrition, environment, and genetic capacity to grow [31]. Hamouda 
and Atti [32] revealed that in young lambs, carcass adiposity and particularly fat tail 
reduce Barbarine meat value as the lamb grows. And also, fat stored in the body is 
an important energy source when food is rare. In the present work, results showed 
that better diet with greater energy and protein complementation was able to 
improve intake and growth performance.

4. Conclusions

The present study confirmed that a HQD improved the BW and ADG at wean-
ing and breeding time. Based on the results of this research, weaning weight, previ-
ous nutrition plan, and current nutrition level are factors that determine puberty 
age, hormone concentration, and tail measures. To conclude, it was concluded that 

Item Pre-weaning treatments Post-weaning treatments

HQD LQD HQD LQD

H-H H-L L-H L-L

n 20 20 10 10 10 10

Tail measures (cm)

Tail length 30.95 27.15 38.00a 33.10b 36.00ab 29.26c

Tail width 27.75 24.55 35.45a 31.34b 32.37ab 27.18c

Tail circumference 56.75a 47.45b 67.24a 55.82b 59.16b 49.52c

a,b,c Means with distinct subscripts in the same row differ (P < 0.05). Pre-weaning treatments: HQD, high-quality 
diet; LQD, low-quality diet. Post-weaning treatments: H-H, HQD pre- and post-weaning; H-L, HQD pre-weaning 
and LQD post-weaning; L-H, LQD pre-weaning and HQD post-weaning; L-L, LQD pre- and post-weaning 
(control).

Table 4. 
Effects of pre- and post-weaning diet quality on tail measures of ewe lambs (30–210 days of age).
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prepubertal plan plays an important role in secretion of progesterone, insulin, and 
leptin, which can lead to early sexual puberty. And also these strategic plans should 
improve economic traits at the start of lamb’s puberty in sheep husbandry.
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Abstract

The objective of the research was to evaluate the effect of the climate, 
through the parameters of rectal temperature (RT), temperature and humidity 
index (THI), and plasma cortisol concentration, on the physiological responses 
of embryo-recipient cows in the Amazonian biome. For the conduction of the 
experiment in which 11 rural properties participated, 235 crossbred cows were 
used as embryo recipients. The embryos were obtained by means of the in vitro 
production technique (PIV). The recipients were divided into batches and 
submitted based on the simplification of the P36 protocol for fixed-time embryo 
transfer (FTET). To the day of embryo transfer, blood samples were collected 
by venipuncture of the coccygeal vein in tubes with anticoagulant. Plasma 
cortisol dosages were done by solid-phase radioimmunoassay (RIA) technique 
using commercial kits. The rectal temperature of each of the recipients submit-
ted to the protocol was verified using a digital clinical thermometer, and the 
ambient temperature and the relative humidity of the air were evaluated in this 
moment, both with the aid of own digital equipment. Statistical analysis of the 
parameters evaluated was Pearson’s correlation and Student’s t-test at a signifi-
cance level of 5%. In the analysis of variance, it was observed that there was a 
significant difference in plasma cortisol and THI among the groups, where lower 
mean values were found in the GP group. The Amazonian climate is an inducer 
of thermal stress, which can cause abnormalities in the estral cycle and changes 
in the synthesis of sex hormones and embryonic development and, conse-
quently, negatively affect the pregnancy rate in embryo-recipient cows, even in 
races more adapted to the tropics, as demonstrated by the RT, THI, and plasma 
cortisol parameters.

Keywords: embryo transfer, thermal stress, thermoregulation, THI
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1. Introduction

Brazil is a predominantly tropical country, with high average temperatures dur-
ing the year, generally causing thermal stress to the production animals and causing 
physiological imbalances that, in turn, cause an increase in the net energy require-
ments for maintenance, which, consequently, causes a decrease in the available 
energy for the productive processes [1]. The heat stress condition harms homeo-
stasis and promotes endocrine changes that have negative effects on reproductive 
events in the bovine female [2].

The stressor agent, through the preoptic area of the central nervous system, 
acts on the neurosecretory cells of the paraventricular nucleus of the hypothala-
mus, and, from this stimulation, these cells produce the corticotrophin-releasing 
hormone (CRH), which promotes the secretion of the adrenocorticotrophic 
hormone (ACTH) by the adenohypophysis [3]. ACTH acts on the adrenal glands 
stimulating the secretion of corticosteroids, such as the hormone cortisol [4]. Thus, 
cows undergoing thermal stress stimulate with greater intensity the hypothalamic-
pituitary-adrenal axis, increasing the concentrations of ACTH and cortisol [5]. 
This hormone interferes with mechanisms related to fertility, such as resumption of 
estrous cycle, ovulation of a competent oocyte, and establishment of gestation [6].

However, for a long time, in trying to overcome barriers, we have sought the 
support of reproductive biotechnologies with a view to increasing production, 
through the use of techniques such as artificial insemination (AI), artificial 
insemination at fixed time (AIFT), and fertilization in vitro [7, 8]. Brazil has a great 
representation in the world scenario of in vitro embryo production, and this is 
mainly due to the work done with zebu breeds with which best results are obtained, 
probably due to their better adaptation to the tropics [9]. In this sense, the objective 
of the research was to evaluate the effect of the climate, through the parameters 
of rectal temperature (RT), temperature and humidity index (THI), and plasma 
cortisol concentration, on the physiological responses of embryo-recipient cows in 
the Amazonian biome.

2. Material and methods

The study was elaborated according to the ethics committee of the Faculdade 
de Medicina Veterinária e Zootecnia—Universidade Estadual Paulista Júlio de 
Mesquita Filho (case number 227/2011). For the conduction of the experiment in 
which 11 rural properties participated, distributed in 6 municipalities of the state of 
Acre (9°6′36″ S, 70°31′12″ W), 235 crossbred cows were used as embryo recipients 
(Bos taurus taurus × Bos taurus indicus), native of Acre, uni- or multiparous, aged 
between 3 and 6 years, non-lactating, raised in an extensive regime, with water and 
mineral salt ad libitum, and with body condition score between 3 and 4, on a scale 
of 1–5 [10].

The embryos were obtained by means of the in vitro production technique 
(PIV), using semen and oocytes from selected Gir dairy cattle. The recipients were 
divided into batches containing 10–12 animals and submitted to the same estrus 
induction/synchronization protocol. Based on the simplification of the P36 protocol 
for fixed-time embryo transfer (FTET) described by [11], the protocols were devel-
oped as follows: on a random day of the estrous cycle (D0), each of the recipients 
received 1 g of P4 by an intravaginal device and 2.5 mg of estradiol benzoate (EB) 
intramuscularly (IM). On the eighth day (D8), the P4 device was withdrawn, and 
150 μg of D-cloprostenol (PGF2α), 400 IU of eCG, and 1 mg of BE were given 
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intramuscularly. On the 16th day (D16), each recipient received a transferred 
embryo (blastocyst, grade 1 or 2) after being previously diagnosed by ultrasound of 
a corpus luteum (LC) in one of the ovaries. On the 41st day (D41), the diagnosis of 
gestation (DG) was made.

Concomitantly to the day of embryo transfer, blood samples were collected 
by venipuncture of the coccygeal vein in tubes with anticoagulant. The obtained 
plasma was fractionated in 1.5 mL microtubes duly identified and stored at 20°C 
negative until sent to the laboratory for analysis. Plasma cortisol dosages were done 
by solid-phase radioimmunoassay (RIA) technique using commercial kits.

Prior to performing at the D16 ultrasonography evaluation, the rectal tempera-
ture of each of the recipients submitted to the protocol was verified using a digital 
clinical thermometer, and the ambient temperature and the relative humidity of 
the air were evaluated in this moment, both with the aid of own digital equipment. 
The temperature and humidity index was calculated according to [12], using the 
formula

 THI   =   0.8 Tbs + RH   Tbs – 14.3 _ 
100

   + 46.3  

where Tbs refers to the dry-bulb temperature (°C) and RH to relative humidity 
(%). Statistical analysis of the parameters evaluated was Pearson’s correlation and 
Student’s t-test at a significance level of 5%.

3. Results

The rates of yield of the embryo recipients and of pregnancy after application
of the protocol were 67.23 (158/235) and 34.18% (54/158), respectively. Regarding 
the ambient temperature (RT), the relative air humidity (RH), and the RT recorded 
during the 15 months of the survey, mean values are 30.07, 69.23, and 39.28°C, 
respectively.

It was found that there was a significant difference of the THI and RT between 
the two established groups: pregnant cows (GP) and nonpregnant cows (GNP), 
where the lowest mean values were found in the GP group. It was also found that 
both groups had a significant and positive correlation between the THI and RT 
parameters (Table 1).

The climatic variables in this study refer to the typical days of the Amazon 
region, collected on nonconsecutive dates. It was verified that the GNP group for 
the THI parameter (81.83 ± 0.03) had values above the care range; the GP group 
presented values below the safety range. It was also found that the THI values 
(70.50 ± 0.10) of the GP group were below the established values of 72–78.

Parameters GNP GP

THI 81.83 ± 0.03a 70.50 ± 0.10b

RT(°C) 39.52 ± 0.24a 38.66 ± 0.28b

Pearson correlation between the THI and RT (r = 0.73; p = 0.0208) (r = 0.85; p = 0.0126)

GNP, not pregnant group; GP, pregnant group; THI, temperature and humidity index; RT, rectal temperature. Distinct 
lowercase letters on the same line indicate significant differences by the Student’s t-test at the 5% level of significance.

Table 1. 
Correlation between THI and RT (average ± standard error) in the groups which are not pregnant and 
pregnant.
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In the analysis of variance, it was observed that there was a significant difference 
in plasma cortisol and THI among the groups, where lower mean values were found in 
the GP group. It was also found that both groups had a significant and positive correla-
tion between cortisol and THI parameters (Table 2).

4. Discussion

On the yield of protocols, similar results have been reported by [13, 14], with 
rates of 72.9 and 65%, respectively. The results for pregnancy rate were also shown 
to be close to those described by [15], which reached 36.60% (108/295), using eCG 
in D8.

The mean value of the recorded RT was attested as higher than the maximum 
of 39.1°C, as mentioned by [16], also remaining outside the limits of normality 
described by [17]. On the other hand, [18] state that cattle of all races have an aver-
age rectal temperature of 38.3°C with some variations. However, the RT remained 
within the physiological values that according to [19] for adult cattle is between 37.5 
and 39.3°C. Therefore, the RT of the NP group exceeded the thermoneutral zone 
in which the maintenance of homeothermia occurs with a maximum mobilization 
of the mechanisms of heat dissipation, responsible for thermoregulation, and this 
deviation of energy may be responsible for a decrease in reproductive performance.

The comfort zone for cattle is relatively small, whereas for the European breeds, 
it is between −1 and 16°C and for the zebu breeds between 10 and 27°C [20], with 
limit critical from 35°C [21, 22]. In other words, the high-temperature indices of the 
Amazon region present a great challenge to the animals, requiring them to develop 
adaptive mechanisms for heat dissipation. However, the temperature range that 
confers thermal comfort in which there is minimum energy expenditure to main-
tain the homeothermia also depends on the relative humidity of the air [1].

The animals of this experiment were found in the Amazon biome characterized 
by high temperature and humidity [21, 22]. Therefore, when the air humidity is low, 
evaporation is facilitated; otherwise the evaporation process becomes slow or even 
null, making maintenance of homeothermia difficult [23]. Thus, these conditions 
of heat and relative air humidity, almost always, are above the zone of thermal 
comfort for the animals, demanding, by them, energy expenditure in terms of 
thermoregulatory physiological mechanisms in the attempt of heat dissipation [24]. 
However, there are occasions in which the loss of body heat becomes ineffective, 
and then thermal stress of the animal occurs, which is often a limiting factor for 
development, production, and reproduction [25].

The reproductive efficiency of dairy cattle exposed to adverse climatic condi-
tions is compromised when temperature and humidity are high and solar radiation 
is intense for most of the year [26], a recurrent situation in the Amazonian biome. 

Parameters GNP GP

Cortisol (ng/mL) 17.78 ± 5.54a 13.78 ± 4.74b

THI 81.83 ± 0.03a 70.50 ± 0.10b

Pearson correlation between the cortisol and THI (r = 0.45; p = 0.0368) (r = 0.76; p = 0.0186)

GNP, not pregnant group; GP, pregnant group; THI, temperature and humidity index. Distinct lowercase letters on 
the same line indicate significant differences by the Student’s t-test at the 5% level of significance.

Table 2. 
Correlation between plasma cortisol concentrations and THI (average ± standard error) in the groups which 
are not pregnant and pregnant.
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In the case of the use of PIV, embryo development becomes impaired when cows suf-
fer from heat stress on AI day or up to 7 days after the procedure, which leads to less 
embryonic viability [2], which may render the results of the technique unfeasible.

In a study with Dutch cows by Martello et al. [19], THI values up to 74 corre-
spond to the safety range and from 74 to 78 care range. Igono et al. [27], however, 
consider THI above 76 in any environment stressful for cows with high milk yield. 
The climatic variables presented in this study indicate mild thermal stress; thus, the 
highest values of THI found in the GNP group indicate an environmental situa-
tion favoring stress for the animals, where the thermal condition was above that 
considered comfort. These processes may cause reproductive performance below 
ideal, such as a decrease in conception rate during the hot season by 20–30% [28] 
and significant economic losses [29]. Climatic conditions may be an important 
contributor to the low fertility of dairy cows during the summer months, especially 
in high-yielding cows [30].

Plasma concentrations of cortisol, above 10 ng/mL for zebu breeds, were similar 
to those reported by [31] for both groups. Therefore, because it is considered the 
stress hormone, its evaluation, although expensive, has become of great value for the 
establishment of the animal welfare condition [32]. Higher production of cortisol 
causes negative feedback in the hypothalamus, decreasing the synthesis of gonado-
trophin-releasing hormone (GnRH), and consequently reduces the release of gonado-
trophins FSH and LH, facts that, in the end, are responsible for the low production of 
the gonadal hormones [33]. The reduction of the latter, in turn, causes less manifesta-
tion of estrus, low conception rate, embryonic mortality, and abortions [34].

The lower plasma cortisol concentration in the GP group possibly favored the 
embryonic quality and maintenance of gestation in relation to the GNP group. 
Garcia-Ispierto et al. [35] found that the probability of pregnancy loss increases by 
1.05 times each unit increase in THI between days 21 and 30 gestations. Due to the 
results obtained, it is possible to observe that the animals of the GNP group were in 
a situation of thermal stress, due to the increase of the reported plasma cortisol and 
of the THI that can act negatively on the luteal function, consequently, and thus the 
maintenance and recognition of pregnancy [36].

Embryonic development is very susceptible to thermal stress, especially on the 
third day of development, reducing the proportion of embryos that continue to 
evolve [37]. In addition, the reduction of embryonic growth is associated with lower 
levels of interferon-tau that acts on the inhibition of pulsatile secretion of prosta-
glandin F2α, that is, low levels of interferon-tau may not block the regression of 
the corpus luteum, making it difficult to maintain the gestation [35]; thus, animals 
that are under thermal stress are likely to present alterations in the embryonic 
production of interferon-tau, which causes losses in the maintenance of gestation. 
Therefore, the techniques used in breeding should be associated with measures that 
reduce the effects of the thermal environment on production animals [38].

5. Conclusion

The Amazonian climate is an inducer of thermal stress, which can cause 
abnormalities in the estral cycle and changes in the synthesis of sex hormones and 
embryonic development and, consequently, negatively affect the pregnancy rate in 
embryo-recipient cows, even in races more adapted to the tropics, as demonstrated 
by the RT, THI, and plasma cortisol parameters. Therefore, it is recommended to 
adopt measures that may reduce the effect of environmental conditions on the 
reproductive performance of production animals.
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Abstract

Recently, a series of genome editing technologies including ZFNs, TALENs, and 
CRISPR/Cas9 systems have enabled gene modification in the endogenous target 
genes of various organisms including pigs, which are important for agricultural and 
biomedical research. Owing to its simple application for gene knockout and ease 
of use, the CRISPR/Cas9 is now in common use worldwide. The most important 
aspect of this process is the selection of the method used to deliver genome editing 
components to embryos. In earlier stages, zygote microinjection of these compo-
nents [single guide RNA (sgRNA) + DNA/mRNA for Cas9] into the cytoplasm and/
or nuclei of a zygote has been frequently employed. However, this method is always 
associated with the generation of mosaic embryos in which genome-edited and 
unedited cells are mixed together. To avoid this mosaic issue, in vitro electropora-
tion of zygotes in the presence of sgRNA mixed with Cas9 protein, referred to as a 
ribonucleoprotein (RNP), is now in frequent use. This review provides a historical 
background of the production of genome-edited pigs and also presents current 
research concerning how genome editing is induced in somatic cell nuclear transfer-
derived embryos that have been reconstituted with normal nuclei.

Keywords: genome editing, CRISPR/Cas9, ZFNs, TALENs, pigs, gene modification, 
microinjection, electroporation, somatic cell nuclear transfer, knock out, knock in, 
gene-engineered, ribonucleoprotein

1. Introduction

The domestic pig has been widely used as a large animal model in biomedical 
research, as it is similar to humans with respect to the size of body and internal 
organs, longevity, anatomy, physiology, and metabolic profile [1]. Modification 
of the porcine genome is also important for studying the mechanisms underlying 
genetic disorders, developing therapeutic drugs, and improving pig meat production 
yields [2, 3]. Over the past three decades, attempts have been made to modify the 
porcine genome using genetic engineering technology, starting after Gordon et al. 
[4] first reported DNA microinjection (MI)-based production of transgenic (Tg) 
mice. Hammer et al. [5] first reported the successful production of Tg piglets using 
the technique reported by Gordon et al. [4], but attaining this result was more diffi-
cult than for rodents, where pronuclei are clearly visible using an optical microscope. 
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In the case of porcine zygotes, pronuclei are difficult to see due to the presence of 
high lipid content in the cytoplasm. Researchers must briefly centrifuge zygotes 
to visualize the pronuclei prior to MI [5], which is labor-intensive and requires 
skill. Moreover, MI-mediated transgene integration into host chromosomes occurs 
randomly, which often causes gene silencing [6]. However, for precise and efficient 
genetic modification in the porcine genome, homologous recombination (HR)-based 
gene targeting technology may be recommended, which was first developed by 
Smithies’ group in mice [7]. In this case, the use of germline-competent embryonic 
stem (ES) cells is a prerequisite. These ES cells are first transfected with a targeting 
vector and then recombinant ES clones showing successful targeting are obtained. 
This vector usually contains a gene of interest (GOI) to be integrated into the target 
locus, together with a selection marker gene such a neomycin resistance gene (neo), 
and DNA sequences of appropriate length, termed homology arms (HA), that corre-
spond to the endogenous target gene, are placed at both ends of the DNA containing 
the GOI and a marker gene. Chimeric mice can be obtained through blastocyst injec-
tion with the targeted ES clones, and the resulting chimeric mice would contribute 
to produce heterozygous mice carrying mutated traits (GOI/selection marker gene) 
in the target locus [8]. Unfortunately, there are no germline-competent porcine ES 
cells, despite extensive efforts [9–13]. Thus, to date, production of gene-targeted pigs 
derived from recombinant porcine ES cells has not yet been successful.

In 1996, scientists at the Roslin Institute (Wilmut and colleagues) first succeeded 
in producing cloned sheep using somatic cell nuclear transfer (SCNT) technology. 
They used fetal fibroblasts [14] or adult mammary gland-derived fibroblasts [15] 
as SCNT donors. Notably, prior to these reports, an attempt to produce cloned 
embryos by the similar technique shown by the Roslin’s group has been made by 
Prather et al. [16], who performed transfer of nuclei from two, four and eight-cell 
embryos to the enucleated oocytes and successfully produced one piglets that had 
been derived from the four-cell embryo’s nucleus. This approach is called “blas-
tomere transplantation,” which is basically different from the somatic cell-based 
SCNT. Generally, fibroblasts used as SCNT donors can proliferate actively in vitro, 
and therefore are considered to be ideal cells for transgenesis or gene targeting. 
If these engineered fibroblasts are used for SCNT, the resulting cloned embryos 
and piglets should have the engineered traits in their genome. This possibility was 
first proven by the scientists at the Roslin Institute [17, 18] who successfully produced 
genetically engineered (GE) cloned sheep through SCNT using GE fetal fibroblasts. 
Since then, SCNT using GE cells as SCNT donors has been a common approach for 
production of knockout (KO) or Tg piglets [19, 20]. However, as mentioned below, 
the efficiency of producing cloned GE piglets is extremely low and the prepara-
tion of GE donor cells is laborious and time-consuming [21]. During the past two 
decades, production of only a few GE (KO) piglets has been reported by traditional 
approaches [22–27]. Moreover, almost all resulting KO piglets were heterozygous 
with respect to the KO allele, thus requiring additional tasks such as breeding (likely 
one or two generations), sequence targeting, or in vitro cell cloning to obtain homo-
zygous KO animals [28], which is also laborious, expensive, and time-consuming.

However, this situation drastically changed when new gene-targeting technologies 
emerged for precisely manipulating mammalian genomes, called “second-generation 
genome editing.” These technologies require the design of site-specific engineered 
nucleases which can be zinc-finger nucleases (ZFNs), transcription activator-like 
effector nucleases (TALENs) or clustered regularly interspaced short palindromic 
repeat-associated protein 9 (CRISPR/Cas9) nucleases, all of which induce a double-
stranded break (DSB) at a specific site in the genome. This DSB facilitates genetic 
modification such as nonhomologous end-joining (NHEJ) and homology directed 
repair (HDR) [29], as described below. Using these genome-editing systems, many 



3

Recent Advance in Genome Editing-Based Gene Modification in Pigs
DOI: http://dx.doi.org/10.5772/intechopen.88022

GE piglets have been produced using SCNT of genome-edited cells, or direct micro-
injection of genome-editing components (including engineered endonucleases) into 
the cytoplasm of zygotes, as described below in more detail.

2. Background of second-generation genome editing

As mentioned above, site-specific engineered nucleases are used in these 
genome-editing techniques. ZFNs, TALENs, and CRISPR/Cas9 can all bind to DNA 
and induce DSB, which triggers endogenous DNA repair. If the template DNA is 
absent, the DSB is repaired via the NHEJ pathway where insertion or deletion of 
nucleotides (hereinafter called “indels”) can happen in the cleaved area. These 
indels often cause frameshift of the amino acid sequence, leading to the generation 
of abnormal proteins or formation of a premature stop codon leading to cessation 
of protein synthesis. If template DNA homologous to the target site is present, 
it is inserted into the cleaved area via a site-specific HR event which is called 
HDR. Generally, NHEJ occurs in cells independent of its cell cycle, but HDR occurs 
primarily in dividing cells [30].

The ZFN technique uses the ZF protein (which binds to the target DNA) and the 
endonuclease Fok I (which cleaves DNA) [31]. ZF protein has several protein motifs 
capable of recognizing specific sequences of three nucleotides and binding to them. 
Notably, Urnov et al. [32] first demonstrated that ZFN is effective to induce DNA 
editing at the endogenous target gene in mammalian cells. Its targeting efficiency 
was over 18% in the absence of drug selection, which is ~1000-fold higher than that 
achieved by traditional gene targeting.

The TALEN technique uses proteins, termed transcription activator-like effec-
tors (TALEs), which contain 33–35 amino acid repeats that flank a central DNA 
binding region (amino acids 12 and 13), and Fok I nuclease, as in ZFN, thus the term 
TALE nucleases (TALENs) [33–35]. Notably, the design and engineering of TALENs 
is simpler than that of ZFN, and thus can be done faster [35, 36].

CRISPR/Cas9 employs a short (20 bp) RNA sequence called single-guide RNA 
(sgRNA) which can bind to the specific chromosomal DNA site together with the 
Cas9 endonuclease [37–40]. Once bound, two independent nuclease domains in 
Cas9 each cleave one of the DNA strand’s three bases upstream of the protospacer 
adjacent motif (PAM), introducing DSB at the target site of the host chromosome, 
which is then repaired by NHEJ. This system is different from the other genome 
editing tools such as ZFNs and TALENs, and thus synthesis of sgRNA is a prereq-
uisite for this system. This development dramatically reduced both the complexity 
and time required for the design and implementation of gene editing.

3. History of GE in pigs

Table 1 lists instances of production of GE piglets with genome editing technol-
ogy from 2011 to 2018. This section provides a brief explanation on the background 
of GE pig production.

In 2011, three types of GE piglets were produced using ZFNs from different 
laboratories. All of these piglets were produced by SCNT using GE cells as a SCNT 
donor. The first report showing successful production of GE piglets involved the 
disruption of enhanced green fluorescent protein (EGFP) gene in a hemizygous 
manner. Whyte et al. [41] demonstrated that a ZFN pair efficiently inactivated the 
expression of EGFP that was integrated into the chromosomes of porcine fibro-
blasts via the NHEJ pathway with an efficiency of ~5%. From this experiment, it 
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Method Genome editing 

tool (mode for gene 

modification)

Method for gene modification Outcome Target gene References

SCNT ZFN (indels) Using adult porcine ear fibroblasts hemizygous for the 

eGFP transgene

Seven of nine embryos (Day 12) exhibited loss of 

fluorescence

eGFP transgene [41]

SCNT ZFN (indels) Using porcine fibroblasts transfected with ZFN 

plasmid

Of 10 live piglets delivered, two carried the predicted 

ZFN-induced mutation; lower expression of both 

PPAR-γ1 and PPAR-γ2 was observed in those clones

PPARγ [42]

SCNT ZFN (indels) Using porcine fetal fibroblasts transfected with ZFN 

plasmid

Of six fetuses, all completely lacked α-Gal epitopes GGTA1 [43]

MI TALEN (indels) Cytoplasmic MI of TALEN mRNA toward IVF-

derived zygotes

CI of TALEN mRNAs inducing gene KO in up to 75% 

of embryos; Of the 18 live-born clones, eight contained 

monoallelic mutations and 10 contained biallelic 

modifications of the LDLR gene

LDLR [44]

MI ZFN, TALEN (indels) Cytoplasmic MI of ZFN or TALEN mRNA toward in 

vivo fertilized zygotes

Of 39 piglets produced, eight carried TALEN-derived 

editing events (21%); of nine piglets produced, one 

carried an editing event at the ZFN target site (11%)

NF-kappaB 

subunit

[45]

SCNT TALENs (indels) Using porcine fetal fibroblasts transfected with 

TALEN plasmid

Three piglets with biallelic mutations of the GGTA1 

gene exhibited loss of α-Gal epitopes on the surface of 

cells

GGTA1 [46]

SCNT TALENs (indels/KI) Using porcine fibroblasts transfected with TALEN 

mRNA + ssODN

Of eight piglets born from DAZL-modified cells, three 

are still born; of the six piglets from APC-modified 

cells, only one alive

DAZL, APC [47]

SCNT ZFNs (indels) Using porcine fetal fibroblasts transfected with ZFN 

mRNA

The resulting IL2RG KO pigs completely lacked a 

thymus and were deficient in T and NK cells, similar to 

human X-linked SCID patients

IL2RG [48]

SCNT ZFN (indels) Using porcine adult liver-derived cells transfected 

with ZFN plasmid through the two-steps

Four viable and healthy cloned pigs obtained exhibited 

disruption of the GGTA1 and the CMAH loci

GGTA1, CMAH [49]

SCNT ZFN (KI) Using porcine fibroblast cells transfected with ZFN 

plasmid and donor DNA

Successfully produced healthy monoallelic/biallelic 

CMAH KO pigs

CMAH [50]
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Method Genome editing 

tool (mode for gene 

modification)

Method for gene modification Outcome Target gene References

SCNT/MI CRISPR/Cas9 (KI/

indels)

Using porcine fetal fibroblasts transfected with 

sgRNA-Cas9 plasmids + donor DNA/cytoplasmic MI 

of Cas9 mRNA/sgRNA toward IVF-derived zygotes

Of the CD163 recipients, five delivered healthy piglets 

by cesarean section; 12 of the 13 piglets contained either 

a biallelic or homozygous deletion of CD1D

eGFP, CD163, 

CD1D

[51]

MI CRISPR/Cas9 (indels) Cytoplasmic MI of Cas9 mRNA/sgRNA toward in 

vivo fertilized zygotes

Ten of 16 resulting piglets had indels with an efficiency 

of 63% and were comprised by cells with monoallelic 

mutant; they can be a model for von Willebrand disease

vWF [52]

SCNT CRISPR/Cas9 (indels) Using porcine fetal fibroblasts transfected with Cas9/

sgRNA expression plasmid

A total of three piglets were obtained; fibroblasts from 

all three animals were negative for class I SLA cell 

surface expression

class I MHC [53]

SCNT TALENs (indels) Using pig fetal fibroblasts transfected with TALEN 

plasmid

Of 27 live cloned piglets obtained, nine were targeted 

with biallelic mutations in RAG1, three were targeted 

with biallelic mutations in RAG2, and 10 were targeted 

with a monoallelic mutation in RAG2

RAG1, RAG2 [54]

SCNT ZFN (indels) Using pig fetal fibroblasts transfected with ZFN 

plasmid

Three GGTA1 null piglets showing loss of α-Gal epitope 

expression were born

GGTA1 [55]

SCNT CRISPR/Cas9 (indels) Using pig liver-derived cells transfected with two or 

three plasmids expressing Cas9 and sgRNA targeting 

to GGTA1, CMAH, or putative iGb3S genes

Of 10 fetuses obtained, five had mutations in both the 

GGTA1 and CMAH genes

GGTA1, CMAH, 

putative iGb3S

[56]

SCNT ZFNs (indels) Using pig fetal fibroblasts transfected with ZFN 

plasmid

The MSTN-mutant pigs grew normally, had increased 

muscle mass with decreased fat accumulation

MSTN [57]

SCNT TALENs (indels) Using pig liver-derived cells transfected with TALEN 

plasmid

Livers from ASGR1−/− pigs exhibit decreased human 

platelet uptake

ASGR1 [58]

SCNT ZFN/TALEN (indels) Using pig fetal fibroblasts transfected with TALEN or 

ZFN mRNA

One of the cloned pigs generated GalT/CMAH-double 

homozygous KO pigs

CMAH [59]

SCNT CRISPR/Cas9 (KI) Using pig fetal fibroblasts transfected with targeting 

donor vector and two expression vectors for sgRNA 

and Cas9

Highly efficient KI (up to 54%) was achieved after drug 

selection; one cloned piglet obtained showed correct 

targeting

H11 [60]
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SCNT CRISPR/Cas9 Using pig fetal fibroblasts transfected with sgRNA, 

Cas9 expression plasmids

Four cloned double KO piglets showing loss of 

expression for both PARK2 and PINK1 were produced

TYR, PARK2, 

PINK1

[61]

MI CRISPR/Cas9 (KI) Cytoplasmic MI of Cas9 mRNA + sgRNA + ssODN 

toward in vivo fertilized zygotes

Two live-born piglets obtained showed the white coat-

color phenotype over its entire body

MITF [62]

MI CRISPR/Cas9 (KI) Cytoplasmic MI of Cas9 mRNA + sgRNA + circular 

vector toward in vivo fertilized zygotes

All 16 piglets born were healthy and carried the 

expected KI allele; the KI allele was successfully 

transmitted through germline

Alb [63]

MI CRISPR/Cas9 (indels) Cytoplasmic MI of Cas9 mRNA and sgRNA toward in 

vivo fertilized zygotes

Bi-allelic modifications of pig Npc1l1 were achieved at 

the efficiency as high as 100%

Npc1l1 [64]

SCNT CRISPR/Cas9 (indels) Using pig fetal fibroblasts transfected with sgRNA-

Cas9 encoding vector

Of eight marker-gene-free cloned pigs with biallelic 

mutations obtained, some showed phenotypes similar 

to DM

MSTN [65]

SCNT CRISPR/Cas9 (indels) Using liver-derived cells transfected with sgRNA-

Cas9 encoding vectors

One triple knockout pig was obtained; Cells from this 

cloned pig exhibited reduced human IgM and IgG 

binding

GGTA1, CMAH, 

β4GalNT2

[66]

SCNT CRISPR/Cas9 (indels) Using pig fetal fibroblasts transfected with sgRNA-

Cas9 encoding vector

Three cloned piglets with biallelic mutation produced 

showed no antibody-producing B cells

IgM JH [67]

EP CRISPR/Cas9 (indels) Using Cas9 protein and sgRNA (RNP) toward IVF-

derived zygotes

The use of gene editing by electroporation of Cas9 

protein (GEEP) resulted in highly efficient targeted 

gene disruption and efficient production of Myostatin 

mutant pigs

MSTN [68]

MI CRISPR/Cas9 (indels) Cytoplasmic MI of Cas9 mRNA and sgRNA toward in 

vivo fertilized zygotes

Of two piglets obtained, one piglets exhibited DMD 

phenotype, as exemplified by degenerative and 

disordered skeletal and cardiac muscle

DMD [69]

SCNT ZFN (indels) Using pig fetal fibroblasts transfected with ZFN-

encoding mRNA

The heterozygous FBN1 mutant pigs obtained exhibited 

abnormal phenotype, which resembles MFS found in 

humans

FBN1 [70]
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SCNT CRISPR/Cas9 (KI) Using pig fetal fibroblasts transfected with Cas9-

sgRNA expression vector + donor DNA containing 

Cre/loxP system

Two male live piglets with mono-allelic MSTN KO 

obtained exhibited enhanced myofiber quantity, but the 

myofiber size remained unaltered

MSTN [71]

SCNT TALENs (indels) Using pig fetal fibroblasts transfected with TALEN 

plasmids

In total, 12 live and two stillborn piglets were 

collected; all fetuses and piglets exhibited 

homozygous GGTA1-null mutation

GGTA1 [72]

SCNT TALENs (indels) Using porcine fetal fibroblasts co-transfected with 

TALEN and hDAF expression plasmids

Six live-born piglets and three stillborn piglets were 

obtained; the piglets showed eight base mono-allelic 

mutations of GGTA1 and hDAF expression

GGTA1 [73]

SCNT CRISPR/Cas9 (indels) Using fetal fibroblast cells transfected with sgRNA-

Cas9 encoding vector

Four live RUNX3 KO piglets with monoallelic mutation 

showed the lack of RUNX3 protein in their internal 

organ system

RUNX3 [74]

SCNT TALENs (indels) Using dermal fibroblasts transfected with TALEN 

plasmids

MSTN KO piglets exhibited a double-muscled 

phenotype, possessing a higher body weight and 

longissimus muscle mass measuring 170% that of wild-

type piglets, with double the number of muscle fibers

MSTN [75]

SCNT TALENs/Cas9 (KI) Using fetal fibroblast cells transfected with Cas9/

sgRNA or TALEN vector + ssODN

Of seven cloned piglets, some expressed human insulin INS [76]

SCNT CRISPR/Cas9 (KI) Using fetal fibroblast cells transfected with sgRNA-

Cas9 encoding vector + ssODN

One cloned stillborn piglet harbored the orthologous 

p.C313Y mutation at the MSTN locus

APP, LRRK2, 

MSTN

[77]

SCNT TALENs (indels) Using ear fibroblasts transfected with TALEN vectors Thirty GGTA1 biallelic KO piglets were successfully 

delivered and grew normally.

GGTA1 [78]

MI CRISPR/Cas9 (KI) Cytoplasmic MI of Cas9 mRNA + sgRNA + ssODN 

toward in vivo fertilized zygotes

Of five piglets delivered alive, three exhibited pigmentary 

disorders with light-colored iris in eye, which was 

observed in patients harboring Sox10 mutations

Sox10 [79]

MI CRISPR/Cas9 (indels) Cytoplasmic MI of sgRNA-Cas9 encoding vector 

toward in vivo fertilized zygotes

Of six healthy fetuses recovered, four exhibited loss of 

α-Gal epitope expression, indicating a biallelic KO of 

GGTA1

GGTA1 [80]
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MI CRISPR/Cas9 (indels) Cytoplasmic MI of Cas9 mRNA + three types of 

sgRNAs toward in vivo fertilized zygotes

Of two live-born piglets delivered, one piglet 

showed biallelic modification of all three genes, 

and another showed biallelic modification of the 

DJ-1 and PINK1 genes and monoallelic mutations of 

parkin gene

Parkin, DJ-1, 

PINK1

[81]

SCNT-MI CRISPR/Cas9 (indels) Cytoplasmic MI of RNP toward SCNT embryos Six fetuses recovered revealed that all fetuses carried 

biallelic edits for the GRB10 gene (6/6, 100%)

GRB10 [82]

SCNT CRISPR/Cas9 (indels) Using kidney fibroblasts transfected with ZFN vectors Two healthy normal females with GGTA1, CMAH 

double KO phenotypes are currently being raised for 

mating

GGTA1, CMAH [83]

MI CRISPR/Cas9 (indels) Cytoplasmic MI of Cas9 mRNA + sgRNA toward 

IVF-derived zygotes

Seventeen live piglets and two stillborn were produced; 

all had mutations in both genes (no pigs with wild-type 

sequence)

RAG2, IL2RG [84]

MI CRISPR/Cas9 (indels) Cytoplasmic MI of Cas9 mRNA + sgRNA toward in 

vivo fertilized zygotes

Eighteen piglets recovered showed either mono- or 

bi-allelic modifications and no wild-type animals; 

NANOS2 KO pigs phenocopied KO mice with male 

specific germline ablation

NANOS2 [85]

SCNT CRISPR/Cas9 (indels) Using fetal fibroblasts transfected with sgRNA and 

Cas9 expression vectors

Six biallelic KO pigs with mutations in ApoE and LDLR 

genes were obtained successfully in a single step.

ApoE, LDLR [86]

SCNT TALENs Using fetal fibroblasts transfected with TALEN 

plasmid

All six live piglets obtained carried biallelic mutations in 

the P53 locus

P53 [87]

SCNT TALEN (indels) Using fetal fibroblasts transfected with TALEN 

plasmid

A total of 18 live piglets were obtained; they showed 

hypermuscular characteristics

MSTN [88]

SCNT CRISPR/Cas9 (indels) Using fetal fibroblasts transfected with sgRNA-Cas9 

encoding vectors

A total of 37 PERV-inactivated piglets were generated; 

15 piglets remain alive

PERV [89]
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SCNT CRISPR/Cas9 (indels) Using fetal fibroblasts transfected with sgRNA-Cas9 

encoding vectors

Of 26 female piglets delivered, 23 piglets carried 

mutations in the MSTN locus; the bi-allelic KO pigs 

were viable and exhibited partial double-muscled 

phenotype

MSTN [90]

SCNT CRISPR/Cas9 (KI) Using fetal fibroblasts transfected with Cas9-gRNA 

plasmid and targeting vector

Twelve male piglets were born and expressed UCP1 in a 

tissue-specific manner

UCP1 [91]

MI CRISPR/Cas9 (KI) Cytoplasmic MI of RNP toward in vivo fertilized 

zygotes

A total of 18 fetuses/born piglets were obtained; 

successful insertion of pseudo attP sites within the 

COL1A locus was observed

COL1A [92]

MI CRISPR/Cas9 (indels) Cytoplasmic MI of Cas9 mRNA + sgRNAs toward in 

vivo-derived zygotes

Indels in 92–100% of the embryos analyzed; all 

resulting 12 piglets had biallelic edits of TMRPSS2

TMPRSS2 [93]

MI CRISPR/Cas9 (indels) Direct pronuclear microinjection of Cas9-gRNA 

plasmid

Of seven born piglets, one exhibited biallelic KO 

phenotype and one did monoallelic KO one

GGTA1 [94]

MI CRISPR/Cas9 (indels) Cytoplasmic MI of Cas9 mRNA and dual sgRNAs 

toward in vivo fertilized zygotes

Of nine fetuses examined, three exhibited bi-allelic 

mutations at the PDX1 locus; in those fetuses pancreatic 

primordium was highly disorganized

PDX1 [95]

SCNT 

(Handmade 

cloning)

CRISPR/Cas9 (indels) Using fetal fibroblasts transfected with sgRNA and 

Cas9 expression vectors

Eleven live bi-allelic GGTA1/CMAH double KO piglets 

were obtained with the identical phenotype

GGTA1, CMAH [96]

EP CRISPR/Cas9 Using Cas9 protein and sgRNA (RNP) toward IVF-

derived zygotes

Of 11 piglets born, nine survived; six of nine carried 

mutations in TP53; three of the genome-edited pigs 

(50%) exhibited various tumor phenotypes

TP53 [97]

SCNT CRISPR/Cas9 (KI) Using fetal fibroblasts transfected with sgRNA- Cas9 

plasmid + donor DNA

Three piglets born grew and developed normally; all 

these piglets had fat-1 KI at the Rosa26 locus

Rosa26 [98]

SCNT CRISPR/Cas9 (KI) Using fetal fibroblasts transfected with sgRNA- Cas9 

plasmid + donor DNA

Of seven naturally delivered piglets, six showed 

successful KI; the KI allele was successfully transmitted 

through germline

HTT [99]
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SCNT CRISPR/Cas9 (indels) Using fetal fibroblasts transfected with sgRNA- Cas9 

plasmid

Of a total of 17 piglets obtained, 12 appeared healthy; all 

had mutations at the target locus

FBXO40 [100]

Abbreviations: APC, adenomatous polyposis coli; Alb, albumin; GGTA1, α-1,3-galactosyltransferase gene; APP, amyloid precursor protein; ApoE, apolipoprotein E; ASGR1, asialoglycoprotein receptor; 
β4GalNT2, β1,4-N-acetylgalactosaminyl transferase; class I MHC, class I major histocompatibility complex; CRISPR/Cas9, clustered regulated interspaced short palindromic repeat and CRISPR-associated 
Cas; COL1A, collagen type I alpha 1 chain; CMAH, cytidine monophosphate-N-acetylneuraminic acid hydroxylase; DAZL, deleted in azoospermia-like; DM, double muscling; DMD, Duchenne muscular 
dystrophy; PARKIN, E3 ubiquitin ligase PARK2; EP, electroporation; eGFP, enhanced green fluorescent protein; FBXO40, F-box protein 40; FBN1, fibrillin-1; GM, gene-modified; GRB10, growth-hormone 
receptor binding protein-10; H11, Hipp11; hDAF, human decay-accelerating factor; HTT, huntingtin; indels, insertion or deletion of nucleotides; INS, insulin; IL2RG, interleukin-2 receptor gamma; IVF, 
in vitro fertilized; iGb3S, isogloboside 3 synthase; IgM JH, JH region of the pig IgM heavy chain; KI, knock-in; KO, knockout; LRRK2, leucine-rich repeat kinase 2; LDLR, low density lipoprotein receptor; 
MFS, Marfan syndrome; MI, microinjection; SCNT-MI, microinjection following somatic cell nuclear transfer; MITF, Microphthalmia-associated transcription factor; MSTN, myostatin; NANOS2, nanos 
C2HC-type zinc finger 2; fat-1, n-3 fatty acid desaturase; Npc1l1, Niemann-Pick C1-Like 1; PDX-1, pancreas duodenum homeobox 1; DJ-1, PARK7; PARK2, parkin; PPARγ, peroxisome proliferator-
activated receptor-gamma; PERV, porcine endogenous retrovirus; PINK1, PTEN-induced putative kinase 1; RNP, ribonucleoprotein; RUNX3, Runt-related transcription factor 3; sgRNA, single guide RNA; 
ssODN, single-stranded DNA oligonucleotides; SCNT, somatic cell nuclear transfer; Sox10, SRY (sex determining region Y)-box 10; TALENs, transcription activator-like effector nucleases; TMPRSS2, 
transmembrane protease, serine S1, member 2; TYR, tyrosinase; UCP1, uncoupling protein 1; vWF, von Willebrand factor; ZFNs, zinc finger nucleases.

Table 1. 
Summary of production of genome-edited pigs.
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was found that the endogenous NHEJ pathway is effective for inducing mutation 
in a porcine target gene. Furthermore, SCNT using GE cells with the mutated allele 
as a SCNT donor demonstrated that seven of the nine resulting cloned fetuses 
(at Day 12) stopped expressing EGFP. Yang et al. [42] co-transfected porcine 
fibroblasts with ZFN and pcDNA3.1 plasmids (providing neo) by electroporation 
(EP), performed SCNT using these GE cells, and finally obtained peroxisome 
proliferator-activated receptor γ (PPARγ) mono-allelic KO pigs, which are expected 
to generate a porcine cardiomyopathy model. Hauschild et al. [43] attempted to 
destroy GGTA1, an endogenous gene encoding an enzyme required for production 
of a xenogeneic antigen called α-Gal epitope, using ZFNs in porcine fetal cells. 
They found that α-Gal epitope-negative cells with the bi-allelic KO phenotype 
can be efficiently isolated by FACS, and the resultant GE cells have the potential 
to make cloned piglets. Importantly, this experiment suggests that it is possible to 
produce individuals with a bi-allelic KO phenotype with this technology. In other 
words, bi-allelic KO piglets can be directly created without breeding or subcloning, 
which contrasts with past instances where only heterozygous KO piglets have been 
produced through traditional gene targeting. Hauschild et al. [43] also showed that 
neither off-target cleavage nor integration of the ZFN-coding plasmid occurred.

The successful production of genome-edited piglets with bi-allelic KO genotype 
obtained after cytoplasmic MI of in vivo-derived porcine zygotes using either ZFN 
or TALEN mRNA was first reported by Lillico et al. [45]. This MI-based production 
of GE animals was also shown to be successful in mice [101–104].

Hai et al. [52] first demonstrated that GE pigs can be produced using the 
CRISPR/Cas9 system. They performed cytoplasmic MI with Cas9 mRNA and 
sgRNA targeted to von Willebrand factor gene (vWF) to produce a pig model for type 
1 von Willebrand disease. In this study, 10 of 16 resulting piglets had indels with an 
efficiency of 63%, and most pigs contained more than two different alleles, suggest-
ing mono-allelic mutants.

Successful knock-in (KI) of a GOI into the target locus was first reported in 
pigs by Ruan et al. [60] and Peng et al. [63]. Zhou et al. [61] demonstrated the 
production of SCNT-treated piglets with mutations in multiple genes after a single 
transfection.

Fischer et al. [83] first succeeded in producing GE pigs by cytoplasmic MI of a 
Cas9 protein/gRNA complex called a ribonucleoprotein (RNP). Furthermore, GE 
pigs could be efficiently produced by in vitro EP in the presence of RNP [68]. Sheets 
et al. [82] produced GE fetuses by cytoplasmic MI of RNP into oocytes reconsti-
tuted with intact cells using the SCNT technology. By this treatment, they reported 
highly efficient (100%) generation of bi-allelic modification in the resultant cloned 
fetuses. The significance of this approach is be that researchers can obtain GE pigs 
with a defined genetic background, even though the starting oocytes are derived 
from ovaries obtained from a slaughterhouse.

4. Delivery method

For the production of GE pigs, the choice of delivery method for genome editing 
components in porcine zygotes is important. As shown in Table 1, the methods 
for the production of GE pigs achieved by delivering genome editing reagents at 
earlier stages of development can be largely divided into four groups: the first is 
MI of genome editing reagents (in a form of DNA, mRNA or protein) into zygotes 
(Figure 1A); the second is SCNT using GE cells as the SCNT donor (Figure 1B); 
the third is in vitro EP of zygotes in the presence of genome editing reagents 
(Figure 1C); the fourth is MI of genome editing reagents into SCNT-treated 
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embryos reconstituted using a normal cell (Figure 1D). Furthermore, we will 
provide a new approach based on in vitro EP of the SCNT-treated embryos recon-
stituted using a normal cell as the fifth group of methods for possible production 
of GE pigs (Figure 2A). In the following sections, each of these methods are 
described.

4.1 MI

MI is an important tool in the creation of GE piglets. To date, about 30% (17/60) 
of studies (Table 1) have employed this approach. For example, in the case of MI with 
CRISPR/Cas9-related mRNA, a single cytoplasmic MI of 2–10 pL containing 125 ng/
μL Cas9 mRNA and 12.5 ng/μL sgRNA was adopted [62]. Yu et al. [69] employed Cas9 
mRNA (20 ng/μL) and sgRNA (10 ng/μL) mixtures for cytoplasmic MI.

Is MI of these components deleterious to the development of porcine zygotes? 
According to Hai et al. [52], the in vitro developmental efficiencies of embryos 
injected with Cas9 mRNA/sgRNA (~79%) and embryos injected with water (~77%) 
were both very high and comparable with each other, suggesting that the MI and the 
Cas9 mRNA/sgRNA had little effect on early embryonic development. On the con-
trary, Whitworth et al. [51] reported that a higher concentration of sgRNA induces 
toxicity in porcine embryos. According to Whitworth et al. [51], 10 ng/μL of sgRNA 
and Cas9 mRNA are recommended.

Selecting appropriate zygotes also appears to be an important factor in the pro-
duction of GE pigs. For acquisition of viable zygotes, there are at least two methods. 
One is isolation of zygotes from oviducts of a female that has been inseminated, 
hereinafter called “in vivo-derived zygotes,” and the other is acquisition of zygotes 
by in vitro fertilization (IVF) between in vitro matured oocytes (derived from the 
ovaries obtained from the slaughterhouse) and sperm. Generally, it is believed that 
the in vivo-derived zygotes exhibit superior development performance compar-
ing to the IVF-derived zygotes [51, 62]. Indeed, the number of laboratories using 

Figure 1. 
Several methods to create genome-edited pigs. (A) Microinjection (MI)-based method using zygotes.  
(B) Somatic cell nuclear transfer (SCNT)-based method using gene-engineered (GE) cells as a SCNT donor. 
(C) Electroporation (EP)-based method using zygotes. (D) MI-based method using the SCNT-treated embryos.
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IVF-derived zygotes for production of GE pigs is low (~30% (5/17); see Table 1). 
However, acquisition of viable in vivo-derived zygotes is laborious and often associ-
ated with the sacrifice of pregnant females, which appears to be one of the major 
goals for improvement in genetic engineering technology using pigs.

The frequent generation of individuals with mosaic genotypes is also a serious 
problem associated with MI-based GE pig production. Sato et al. [105] demonstrated 
that cytoplasmic MI of parthenogenetically activated porcine embryos (hereinafter 
called “parthenotes”) with Cas9 mRNA + sgRNA caused frequent mosaicism in the 
offspring (blastocysts) with cells with mixed genotype, so-called normal wild-type 
cells and mutated cells, when they were subjected to cytoplasmic MI immedi-
ately after oocyte activation. Notably, Carlson et al. [44] suggested that 100% of 
bovine embryos exhibited fluorescence expression after cytoplasmic MI of EGFP 
mRNA, but only ~40% of porcine embryos did. It is probable that an endogenous 
system for translation to protein from mRNA may not be sufficiently established 
in those porcine embryos, especially at the stage immediately after fertilization or 
zygotic activation. Indeed, Sato et al. [106] demonstrated that this mosaicism can 
be partially improved when cytoplasmic MI is performed with oocytes 12 h after 
activation. In contrast, other researchers reported that only 10–20% of MI-treated 
embryos exhibited mosaicism [51, 84]. Notably, Whitworth et al. [51] performed 
cytoplasmic MI with Cas9 mRNA + sgRNA toward fertilized oocytes at 14 h post-
fertilization. In this context, the use of sgRNA and an RNP instead of Cas9 mRNA 

Figure 2. 
A new method for production of genome-edited pigs. (A) EP-based method using the SCNT-treated embryos, 
which is termed “GENTEP.” (B) Experimental outline for checking the validity of GENTEP.
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may be the key to solving this issue of mosaicism, as the Cas9 protein is more rapidly 
translated, folded, and complexed with sgRNAs prior to editing, unlike the Cas9 
mRNA [107–109]. For example, in mice, delivering RNPs into zygotes causes rapid 
genome editing in the target locus, which also maximizes efficiency while minimiz-
ing mosaicism [110–112]. Indeed, Sheets et al. [82] demonstrated that after MI with 
RNP, 100% of piglets produced had the bi-allelic KO genotype.

Interestingly, Petersen et al. [80] demonstrated that cytoplasmic MI of DNA 
vectors coding for CRISPR/Cas9 targeting the porcine GGTA1 gene enabled biallelic 
knockout of GGTA1 in 7/12 fetuses and piglets (58.3%). As mentioned previously, 
it is difficult to visualize porcine pronuclei at zygote stage under normal conditions 
due to high lipid content in the cytoplasm. Researchers therefore must centrifuge 
them briefly prior to MI. The fact that cytoplasmic MI of DNA vectors can induce 
genome editing at a target locus may be beneficial for researchers, because prepara-
tion of plasmid DNA is easier than that of mRNA, and it is generally more resistant 
against degradation than mRNA. According to Petersen et al. [80], it currently 
remains unknown how the circular DNA plasmid translocates from the cytoplasm 
to the nucleus. They speculate that the SV40 nuclear translocation signal of the 
CRISPR/Cas9 plasmid could play an important role by facilitating nuclear translo-
cation via association with ubiquitous transcription factors.

4.2 SCNT

SCNT using GE cells as an SCNT donor is another way to produce GE pigs. The 
merit of this approach is the use of in vitro cultivated cells such as fetal fibroblasts to 
which various genetic engineering techniques (i.e., introduction of multiple KO, KI, 
and transgenes) can be applied easily. After gene transfer, these cells are subjected 
to cell selection through drug selection or fluorescence activated cell sorting (FACS) 
to enrich GE cells as a pure population. Thus, it is highly probable that the resulting 
SCNT-derived GE founder pigs have a predictable genotype and low rates of mosa-
icism. Unfortunately, as mentioned previously, the efficiency of SCNT to produce 
cloned piglets is still very low. Much effort has been focused on improving the low 
efficiency associated with the SCNT, which includes improvement of the oocyte/
zygote culture system and application of chemical reagents to alter the epigenetic 
status of transferred nuclei. For improving the culture method, researchers have used 
vitamin C [113], α-tocopherol [114], melatonin [115] or alanyl-glutamine dipeptide 
(instead of glutamine) [116]. For altering the epigenetic status, researchers have 
used histone deacetylase inhibitors (HDACi) such as trichostatin A (TSA) [117, 118], 
valproic acid (VPA) [119–121], scriptaid [122–124], LBH589 (panobinostat) [125], 
oxamflatin [126], PXD101 (belinostat) [127], quisinostat [128], MGCD0103 [129], or 
histone methyltransferase inhibitors such as MM-102 [130]. Lin et al. [131] employed 
tauroursodeoxycholic acid (TUDCA), an inhibitor of endoplasmic reticulum (ER) 
stress, and demonstrated that TUDCA can enhance the developmental potential of 
porcine SCNT embryos by attenuating ER stress and reducing apoptosis. Wang et al. 
[132] demonstrated that administration of siRNA or microRNA-148a, both of which 
can suppress the function of DNA methyltransferase 1 (DNMT1) at a transcriptional 
level, is effective for enhancing the developmental potential of SCNT embryos. 
Furthermore, Matoba et al. [133] succeeded in drastically increasing SCNT efficiency 
by cytoplasmic MI of mRNA coding for histone demethylase (Kdm4d) in mice.

4.3 EP

EP is known to be a useful and powerful gene delivery tool enabling transfer of 
exogenous substances (i.e., DNA) into a cell and was first applied to rat zygotes for 



15

Recent Advance in Genome Editing-Based Gene Modification in Pigs
DOI: http://dx.doi.org/10.5772/intechopen.88022

genome editing by Kaneko et al. [134]. Since then, many researchers have success-
fully induced gene edits by using this technology in mice [135, 136], bovines [137] 
and pigs [68]. The merit of this technology is that it is simple, rapid and convenient 
for genome editing in zygotes, compared to the previous MI-based technique. 
Notably, about 30–50 zygotes can be edited with one pulse of EP. Furthermore, 
EP only requires a square pulse generator called an electroporator, and not a more 
expensive micromanipulator system.

As mentioned previously, Tanihara et al. [68] first applied EP to porcine IVF-
derived zygotes and produced genome-edited pigs. They used CRISPR/Cas9-based 
RNP for knock-in of a target gene, and achieved reduced mosaicism and higher effi-
ciency of genome-edited pig production with EP (30 V, square pulse 1.0 ms in duration 
repeated five times) using an electrode (#LF501PT1-20; BEX Co. Ltd., Tokyo, Japan) 
connected to a CUY21EDIT II electroporator (BEX Co. Ltd.). Notably, they reported 
no appreciable reduction in the developmental ability of the EP-treated embryos.

4.4 MI after SCNT

Although direct modification of zygotic genomes provides some advantages, 
SCNT also provides a significant advantage by permitting the isolation of cells con-
taining precise modifications before the expense of animal production is incurred. 
As mentioned previously, Sheets et al. [82] successfully produced genome-edited 
cloned pigs by combining SCNT with CRISPR/Cas9 MI, which is beneficial for 
researchers as they do not need to manage a founder herd, and can eliminate the 
need for laborious in vitro culture and screening. In this study, all (6/6) of the resul-
tant clone fetuses exhibited 100% bi-allelic modification. Unfortunately, they failed 
to describe successful production of live birth piglets, but it seems that this approach 
is a powerful tool for GE pig production.

4.5 EP after SCNT

Similar to the approach shown by Sheets et al. [82], we tried to obtain cloned GE 
piglets through in vitro EP in the SCNT-treated embryos, which is called Genome 
Editing via Nuclear Transfer and subsequent Electroporation or GENTEP (Figure 2A). 
Some results obtained from GENTEP-related experiments are presented below.

SCNT-derived embryos were obtained by inserting fetal fibroblasts derived from 
microminiature pigs (MMP) [138] into the perivitelline space between enucleated 
porcine oocytes (derived from ovaries obtained from a slaughterhouse) and zona 
pellucida, according to the method described by Miyoshi et al. [119] (Figure 2B). 
The resulting SCNT-derived embryos were then subjected to electric activation 
following electric fusion between an egg and a cell (Figure 2B). Six or 12 h after 
activation, the SCNT-treated embryos were subjected to in vitro EP in the pres-
ence of RNP targeted to the pig low density lipoprotein receptor (LDLR) gene 
(Figure 2B). Parthenotes (~6 h after electric activation) were also used for in vitro 
EP using tetramethylrhodamine-labeled dextran 3 kDa (used as an indicator for 
successful gene delivery) (as shown in Figure 3A) or as controls for immunocyto-
chemistry using anti-LDLR antibody (as shown in Figure 3B).

First, we examined whether the in vitro EP we used here is effective for suc-
cessful gene delivery to porcine embryos and does not cause any deleterious effects 
on their embryonic development, using porcine parthenotes (6 h after activa-
tion). The EP procedure was based on the method described by Hashimoto and 
Takemoto [135]. An electroporation chamber (#LF610P4-4_470; BEX Co. Ltd.), 
in which two platinum block electrodes were situated with a 1-mm gap between 
them (Figure 1C), was placed under a stereoscopic microscope and connected to 
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an electric pulse generator (CUY21EDITII Genome Editor™, BEX Co. Ltd.). About 
20 parthenotes were placed into a 5-μL drop containing 2 μg/μL tetramethylrhoda-
mine-dextran 3 kDa (#D3307; Thermo Fisher Scientific Inc., Waltham, MA, USA) 
in Opti-MEM (Invitrogen, Carlsbad, CA, USA) between the electrodes (Figure 1C). 
EP was performed under these conditions: 30 V, square pulses, 1.0 ms in duration 
at 99 ms intervals, repeated seven times. The EP-treated parthenotes were then 
cultured for 7 days up to blastocysts to evaluate the in vitro developmental rate and 
uptake of fluorescent dye into the embryos. Approximately 40% of the EP-treated 
parthenotes developed to the blastocyst stage and ~80% of them exhibited bright 
tetramethylrhodamine-derived fluorescence [arrows in Figure 3A(a,b)]. This result 
suggests that our EP condition is useful for effective delivery of a foreign substance 
into porcine embryos and not harmful for their development.

Second, we performed CRISPR/Cas9-based genome editing (targeted to the 
endogenous LDLR gene) with porcine SCNT-treated embryos. We designed sgRNA 
capable of recognizing a 20 bp sequence spanning the translation initiation codon 
(ATG) upstream of the protospacer adjacent motif (PAM) sequence (CGG) on the 

Figure 3. 
Validity check of GENTEP. (A) EP of parthenotes (6 h after activation) in the presence of 
tetramethylrhodamine-labelled dextran 3 kDa. Porcine parthenotes were subjected to in vitro EP, and then 
cultured for 7 days up to blastocysts. Note that almost all of the EP-treated blastocysts are fluorescent (arrows 
in a and b), while intact parthenotes do not fluoresce (c and d). Bar = 100 μm. (B) Staining with anti-LDLR 
antibody. The intact parthenote (hatched blastocysts) exhibits the reactivity to the antibody (arrowheads 
in a–c), but not to the second antibody alone (arrowheads in d–f). No reactivity to the antibody was also 
seen in the GENTEP-derived blastocyst (arrowheads in g–i). Nuclear staining with DAPI was performed 
after staining with the second antibody. Note that porcine zona pellucida was slightly stained with the second 
antibody, since it was found to be reactive with the second antibody alone (see d–f). Bar = 100 μm.
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first exon of porcine LDLR (left panel of Figure 4A). The sgRNA was synthesized 
by Integrated DNA Technologies, Inc. (IDT; Coralville, Iowa, USA) as Alt-R™ 
CRISPR crRNA product. The crRNA and tracrRNA (purchased from IDT) were 
combined for annealing and then mixed with recombinant Cas9 protein (TaKaRa 
Shuzo Co. Ltd., Shiga, Japan) to form RNP, according to the method of Ohtsuka 
et al. [139]. The final concentrations of the components in RNP were 30 μM/mL (for 
crRNA/tracrRNA) and 1 mg/mL (for Cas9 protein). The SCNT-treated embryos 6 
or 12 h after activation were transferred to a 5-μL drop (containing RNP in Opti-
MEM) and immediately subjected to in vitro EP under these conditions: 30 V, 
square pulses, 1.0 ms in duration at 99 ms intervals (or 0.5 ms in duration at 99.5 ms 
intervals), both repeated seven times. After EP, the embryos were promptly culti-
vated in normal medium for 7 days up to blastocysts and then subjected to analysis 
of molecular biology (possible mutations in the first exon of LDLR) and immuno-
cytochemistry (possible loss of LDLR protein synthesis) parameters, as described 

Figure 4. 
Molecular biological analysis of the GENTEP-treated embryos (termed GENTEP-1 to -11) at a single embryo 
level. (A) Structure of porcine LDLR gene and a target sequence recognized by sgRNA (left panel), and the 
results of nested PCR (right panel). The target sequence (shown in blue) spanning ATG (shown in red) is 
located on the first exon of LDLR. PAM, protospacer adjacent motif. Primers used for first PCR and nested 
PCR are shown above the LDRL. In the right panel, a part of the nested PCR products (lanes 1–9) loaded 
onto 2% agarose gel is shown. Arrow indicates the PCR products of 355 bp in size. M, 100-bp ladder markers. 
(B) Ideogram pattern in the GENTEP-1 and -2 samples obtained after direct sequencing of the nested PCR
products using LDLR-2S primer. (C) Various indels found in each GENTEP-treated embryo. ATG is shown in
red. Sequence recognized by sgRNA is shown in blue.
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in Figure 2B. In each group, 8–17% of the EP-treated embryos developed to blasto-
cysts (Table 2). These rates appear to be comparable to the yield (24.2%) in experi-
ments performed using intact MMP fetal fibroblasts as SCNT donors [119]. All of 
the blastocysts obtained were then fixed with 4% paraformaldehyde, and a section 
of these embryos was subjected to immunocytochemical staining using anti-LDLR 
antibody (Figure 2B). The EP-treated cloned blastocyst (termed GENTEP-1) was 
unreactive to anti-LDLR (arrows in Figure 3B(g–i)). In contrast, a parthenote 
(blastocyst) exhibited positive reactivity to anti-LDLR (arrow in Figure 3B(a–c)). 
Staining with the second antibody alone failed to react with the antibody (arrow 
in Figure 3B(d–f )). Furthermore, each of these fixed blastocysts was subjected to 
genomic DNA isolation to examine possible mutations at the individual embryo 
level (Figure 2B). Next, GenomiPhi-based whole genome amplification (WGA) 
was performed using the isolated genomic DNA as a template, as described previ-
ously [140]. PCR was then performed using the WGA products as a PCR template. 
The primer sets used are LDLR-S (5′-AAACCTCACATTGAAATGCTG-3′)/
LDLR-RV (5′-CCTAAACTCTCGCGCCCCCCT-3′) for the first round of 
PCR and LDLR-2S (5′-CTGCAAATGACTGGGGCCCCG-3′)/LDLR-2RV 
(5′-CTCCAACCACGTAAGAATGAC-3′) for nested PCR (left panel of Figure 4A). 
Nested PCR using the LDLR-2S/LDLR-2RV primer set yields 355-bp products (left 
panel of Figure 4A). The typical example when the nested PCR products (lanes 
1–9) are loaded onto a 2% agarose gel is shown in the right panel of Figure 4A. 
Almost all of the samples tested exhibited 355-bp products, except for lane 3 
showing bands of reduced size, suggesting occurrence of a large deletion (probably 
over 100 bp) around the LDLR sequence recognized by sgRNA. In Figure 4B, an 
example of the results obtained from direct sequencing of nested PCR products 
using LDLR-2S primer is shown. The sample GENTEP-1, which has been shown to 
exhibit loss of the reactivity to anti-LDLR (see Figure 3B-g-i), had a large deletion 
including a sequence spanning ATG and PAM. Notably, there was no appreciable 
overlapping in ideograms of the sample, suggesting a homozygous bi-allelic KO 
phenotype (Figure 4C). Subcloning of the PCR products derived from the sample 
GENTEP-1 into TA cloning vector and subsequent sequencing demonstrated that 
all six clones obtained exhibited the same sequence as the parental product (data 
not shown). When the remaining PCR products were sequenced it was found 
that almost all (82%, 9/11) of the samples exhibited the homozygous bi-allelic KO 
genotype (Figure 4C).

Stage at EP after 

activation of SCNT-

treated embryos

EP 

condition2

Total number of 

SCNT-treated 

embryos examined

No. of embryos 

cleaved to the two-

cell stage (%)

No. of embryos 

developed to 

blastocysts (%)

6 h 0.5 12 8 (66.7) 1 (8.3)

1.0 12 11 (91.7) 2 (16.7)

12 h 0.5 33 21 (63.6) 5 (15.2)

1.0 35 23 (65.7) 3 (8.6)

1EP in the presence of RNP [10 μM of crRNA/tracrRNA mixture (targeted to LDLR gene) + 0.3 μg/μL of Cas9 
protein] is performed on SCNT-treated embryos 6 or 12 h after activation. The EP-treated embryos were then 
cultured for 7 days to the blastocyst stage for the presence of mutations in the target gene at molecular biological and 
immunocytochemical levels.
2EP was performed under the electric condition of 30 V in voltage, 0.5 ms in length of square pulse with 99.5-ms 
intervals (0.5) or 1.0 ms in length of square pulse with 99-ms intervals (1.0), and seven times of pulse stimulation 
using an electroporation chamber (#LF610P4-4_470; BEX Co. Ltd.) connected to an electric pulse generator 
(CUY21EDITII. Genome Editor™, BEX Co. Ltd.).

Table 2. 
Summary of the properties of blastocysts derived from EP1 toward the SCNT-treated porcine embryos.
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5.  Other techniques and factors affecting efficacy of the genome
editing system

As shown above, genome editing tools such as ZFNs, TALENs and CRISPR/Cas9 
are considered useful in enabling site-specific gene modification in livestock such as 
pigs. However, there are still several techniques and factors that influence perfor-
mance which must be addressed. These include the single embryo assay, off-target 
cutting, multiplexed genome engineering, KI, and Cas9 pigs. In this section, these 
techniques or factors are described in greater detail.

5.1 Single embryo assay

To increasing the efficiency of genome editing systems, it is important to select 
suitable sets of ZFNs (or TALENs) or sgRNA (in the case of CRISPR/Cas9). Researchers 
therefore must check the efficiency of these reagents by introducing them into cultured 
cells, but at this point it remains unknown whether they will function in vivo. Unlike 
small animals such as mice and rats, large animals have long gestation periods and it is 
costly to prepare large animal recipients. Therefore, this testing in vivo appears to be dif-
ficult in larger animals such as pigs. To overcome this issue, a single embryo (blastocyst) 
assay to evaluate the operability of the genome editing reagents prepared was provided 
by Wang et al. [62] who later re-validated those sets using porcine parthenotes. To 
our knowledge, this assay was first developed using mice by Sakurai et al. [141] who 
reported that it is useful for confirming the fidelity of sgRNAs used.

It may be required to confirm at a molecular level whether the genome-edited 
embryos have mutations. In this case, WGA has often been employed for amplifying 
the whole genome of an embryo (blastocyst) using genomic DNA isolated from a 
single embryo as the DNA template [140, 141], since the blastocyst DNA is often too 
small to generate a sufficient amount of PCR product. The effectiveness of WGA-
based amplification of blastocyst DNA has already been confirmed by ours [142] 
and others [44]. The resulting products obtained after PCR using WGA-derived 
DNA as the template are then subjected to direct sequencing for identification of 
possible mutations in the target gene, as shown in Figure 4B.

5.2 Off-target cleavage

Since sgRNA used in the CRISPR/Cas9 system can recognize only a short 
sequence (20 bp) at the target gene where Cas9 cleaves, other genes with a similar 
sequence to the sgRNA may be susceptible to Cas9-mediated DNA cleavage, which 
leads to the occasional generation of off-target cutting [29, 143]. This unintended 
cutting is considered a serious problem to be resolved.

Several strategies to minimize off-target cutting have been employed including 
the use of the double nickase mutant form of Cas9, which induces a single-strand 
break instead of DSB [144]; the use of RNP, whose half-life is shorter than the dura-
tion of transcription of plasmid or viral nucleic acids [110, 145]; or the fusion of 
catalytically inactive Cas9 with Fok I nuclease domain (fCas9) to improve the DNA 
cleavage specificity [146]. Recently, it was reported that Cpf1, a putative Class 2 
CRISPR effector, mediates target DNA editing differently from Cas9 [147]. It gener-
ates a 5-nucleotide staggered cut with a 5′ overhang, which is particularly advanta-
geous in facilitating an NHEJ-based KI into a genome. Several unique enzymes that 
can decrease the probability of off-target cleavage have also been produced. For 
example, two engineered enzymes produced from SpCas9 from Streptococcus pyo-
genes with the goal of enhancing specificity, called eSpCas9 [148] and SpCas9-HF 
[149], are reported to reduce the probability of mismatched DNA binding. A hybrid 
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enzyme combining the Cas9-nickase and PmCDA1, an activation-induced cytidine 
deaminase (AID) ortholog, could perform targeted nucleotide substitution [150]. 
Furthermore, a CRISPR system using a new Cas-related enzyme called Cas13a that 
targets RNA has also been recently developed [151].

Notably, in the case of GE pigs and embryos, there have been no reports of off-
target mutagenesis as shown by the following papers: [43, 50, 61–64, 69, 74, 77, 78, 80, 
86, 100, 105]. This suggests a very low probability of off target-cleavage in GE pigs.

5.3 Multiplexed genome engineering

The CRISPR/Cas9 system can confer multigene KO in one shot of gene delivery  
[152, 153]. This property is especially beneficial for the purpose of creating disease 
model animals, as certain types of diseases are known to be caused by multigene 
defects. Interestingly, Sakurai et al. [154] demonstrated that at least nine endogenous 
genes can be knocked out simultaneously through a single shot of cytoplasmic MI of 12 
sgRNAs together with Cas9 mRNA into murine zygotes. In pigs, Zhou et al. [61] dem-
onstrated successful generation of PARK2 (parkin) and PTEN-induced putative kinase 
1 (PINK1) double-KO pigs through SCNT with GE fetal fibroblasts after co-transfection 
of Cas9, PARK2-sgRNA, and PINK1-sgRNA-expressing vectors by electroporation. The 
percentage of PARK2−/−/PINK1−/− double-KO cells was up to 38.1%. SCNT using these 
double-KO cells resulted in the birth of 20 cloned piglets. Of these, four piglets devel-
oped normally, and both parkin and PINK1 in those individuals were depleted at the 
protein level. Estrada et al. [66] also succeeded in obtaining one triple-KO cloned piglet 
with mutations in GGTA1 (coding for α-1,3-galactosyltransferase), CMAH (coding for 
cytidine monophosphate-N-acetylneuraminic acid hydroxylase) and β4GalNT2 (cod-
ing for β1,4-N-acetylgalactosaminyl transferase) after SCNT. Wang et al. [81] generated 
PARK7 (DJ-1)/parkin/PINK1 triple-gene modified pigs using the CRISPR/Cas9 system 
in one step through direct zygote injection of Cas9 mRNA and three types of sgRNAs. 
According to Wang et al. [81], of two live-born piglets delivered, one piglet showed 
biallelic modification of all three genes, and another showed biallelic modification of 
the DJ-1 and PINK1 genes and monoallelic mutation of the parkin gene.

5.4 KI

As shown in Table 1, in 2015 successful KI in pigs was reported by several 
groups. For example, Wang et al. [62] performed MI with in vivo fertilized zygotes 
(derived from colored pigs) using Cas9 mRNA + sgRNA + single-stranded DNA 
oligonucleotides (ssODN), targeting microphthalmia-associated transcription fac-
tor (MITF), a master regulator gene of melanocyte development, and obtained two 
live-born piglets showing the white coat color phenotype over its entire body. Peng 
et al. [63] tried to create KI piglets with a MI approach using a circular vector as 
donor DNA. They designed an sgRNA targeting the starting codon region (includ-
ing the adjacent 5′ and ATG) and generated a targeted fragment (donor for HR) 
with the insert flanked by 1-kb HA on both sides. They performed cytoplasmic MI 
of Cas9 mRNA + in vitro synthesized sgRNA + circular vector containing the target-
ing fragment, and finally obtained 16 live piglets, all of which were found to carry 
the expected KI allele. Notably, they confirmed expression of human albumin (Alb) 
protein generated from the KI allele in the plasma of these cloned pigs. This means 
that expression of a transgene (human Alb as GOI) is possible under the control of 
an endogenous promoter system (in this case, Alb promoter).

Ruan et al. [60] demonstrated production of GE pigs with successful KI of GOI 
into the target Hipp11 (H11) locus, which is considered as “safe harbor” genomic locus 
that allows gene expression without disrupting internal gene function, like the Rosa26 
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locus. They utilized a positive and negative selection method to insert GFP into the 
pH 11 locus in pig fetal fibroblast cells by electroporation. The targeting donor vector 
(4.2 kb in size) contains a reporter cassette with neo and GFP genes which are flanked 
by a 0.8-kb HA to the H11 locus on each side with the diphtheria toxin A (DTA) gene 
at the 3′ end. Cells were transfected with the linearized donor vector and two expres-
sion vectors for sgRNA (targeted to the H11 locus) and Cas9. After drug selection, 
they obtained GE cells with successful KI at the H11 locus with efficiencies up to 54%. 
Next, they performed SCNT using these correctly targeted clones, and obtained one 
cloned piglet which was later confirmed to show correct targeting.

Generally, it is believed that HDR-mediated KI is more difficult than NHEJ-based 
indels. For example, in proliferating human cells, NHEJ has been reported to repair 
75% of DSBs, while HDR repaired the remaining 25% [155]. To enhance the HDR 
efficiency, several approaches are now being attempted. For examples, co-injection 
of murine zygotes with a mixture containing Cas9 mRNA, sgRNA, template ssODNs 
and Scr7 (an inhibitor for DNA ligase IV) significantly improved the efficiency of 
HDR-mediated insertional mutagenesis [156]. Chu et al. [157] also demonstrated 
usefulness of Scr7 for abolishing NHEJ activity and increasing HDR in both human 
and mouse cell lines. However, the function of Scr7 in promoting HDR remains 
controversial. Some researchers demonstrated that Scr7 failed to increase HDR rates 
in rabbit embryos [158] and porcine fetal fibroblasts [159]. On the contrary, Li et al. 
[160] demonstrated that Scr7 promoted HDR efficiency in porcine fetal fibroblasts.
The same group also showed that other reagents L755507 (β-3 adrenergic receptor
agonist) and resveratrol (small-molecule compound found in grapes) also showed
similar effects (promotion of HDR efficiency) in porcine cells.

5.5 Cas9 pigs

As mentioned previously, the current generation of gene-edited pigs has mostly 
been produced through either MI or SCNT approaches, which are both expensive and 
time-consuming. In mice, several Tg lines carrying a Cas9-expressing cassette have been 
created [154, 161, 162]. These Tg mice are thought to be useful animals for direct in vivo 
genome editing experiments, because successful delivery of the expression vectors of 
sgRNAs alone or RNA itself into selected tissues caused generation of genome-edited 
tissues. For example, Platt et al. [161] demonstrated that in vivo viral administration of 
Kirsten rat sarcoma viral oncogene homolog (Kras), transformation related protein 53 
(Trp53), and serine/threonine-protein kinase 11 (Stk11)-gRNAs to the Cas9-expressing 
line caused lung carcinomas within a short period. This suggests that if a Cas9-
expressing pig is produced, it will provide an easy and efficient way to produce genetic 
modifications, which should substantially facilitate studying gene functions, modeling 
human diseases, and promoting agricultural productivity. Based on this concept, Wang 
et al. [163] first produced Cre-dependent Cas9-expressing pigs to enable efficient in 
vivo genome editing. They first transfected the linear-targeting donor containing Cre-
dependent Cas9-expression cassette and TALEN plasmids directed to Rosa26 locus into 
porcine fetal fibroblasts and finally selected clones carrying KI cassette. These clones 
were then used for SCNT to produce cloned GE piglets. They showed that cells isolated 
from several organs of GE pigs exhibited Cre-induced activation of Cas9 expression. 
This Cas9 pig line will be used for various studies as indicated above.

6. Conclusion

Because pigs are similar to humans in physiological, anatomical, and genetic 
aspects, they are now seen as a leading animal model for biomedical research. Recent 
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advances in genome editing technology have led to accelerated production of GE 
pigs within a relatively short time period, which is beneficial due to cost savings in 
propagation of GE animals and maintaining animals for breeding. Production of 
GE pigs can be largely categorized into two approaches, so-called MI/EP-mediated 
production of GE zygotes and SCNT using GE cells as the SCNT donor. There are 
advantages and drawbacks for both these approaches. For example, the former is 
simpler, more convenient, and cost-effective than the latter. However, the avail-
able genetic background is limited. In this context, the latter is beneficial for the 
flexibility of choosing any type of genetic background, because the genetic back-
ground of SCNT-derived cloned pigs is determined by that of donor cells used for 
SCNT. Unfortunately, the efficiency of SCNT is extremely low at present. MI/EP 
with SCNT-treated embryos may compensate for these disadvantages associated 
with MI/EP or SCNT-mediated production of GE piglets, if the efficiency of SCNT is 
greatly improved in future.
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Chapter

A Review of the Macroscopic, 
Microscopic, and 
Ultramicroscopic Characteristics 
of Some Key Oocyte 
Developmental Processes in Fish 
Species
Mônica Cassel

Abstract

Studies involving the reproductive biology of fish have several possibilities of 
approach, such as the understanding of gonadal development, oocyte develop-
ment, and the reproductive cycle of the species. In addition, analyses of gonadal 
morphology can be made at macro-, micro-, and ultramicroscopic levels. This 
knowledge helps to define factors that determine the different stages of gonadal 
development, as well as the “triggers” that initiate the reproductive process. In 
females, the growth and maturation of the ovarian follicles depend on a carefully 
elaborated communication between the follicular cells and the oocyte and a pre-
cisely organized contractile system. Changes in these systems appear to be related to 
apoptotic cells. This extensive remodeling of gonadal tissue, due to cell proliferation 
and differentiation, promotes also changes in the extracellular matrix. With this in 
mind, we provide herein a complementary and in-depth information on cell-cell 
and cell-matrix interactions related to the process of oocyte development in fish 
species. This information, together with the existing structural and ultrastructural 
descriptions of ovaries of different species, will enable a better understanding of 
the reproductive processes for the group of fish.

Keywords: fish species, reproductive biology, gonadal and oocyte development,  
cell-cell interactions, cell-matrix interactions

1. Introduction

The knowledge on the reproductive characteristics of fish is fundamental 
to understand the adaptations developed to maximize the reproductive success 
in a given environment, considering the life history aspects of each species [1]. 
Studies involving the reproductive biology of fish have several possibilities of 
approach, such as the understanding of gonadal development and the repro-
ductive cycle of the species. Analyses of gonadal morphology are important for 
the understanding of the biology of the species and have been widely applied in 
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Teleostei, as in recent studies on spermatogenesis [2–5], folliculogenesis [6–8], 
reproductive cycle [8–12], and fecundity [13].

Studies have been carried out to describe and classify the stages of gonadal devel-
opment and reproductive stages of fish in the Neotropical region. One of the most 
classic and used bibliographic sources has been Vazzoler [14]. However, other propos-
als for description have already been made by Grier and Taylor [15], Grier [16], and 
Lo Nostro et al. [17], which detail the continuity and discontinuity of the germinal 
epithelium and the cell types present in the gonads. Recently, Brown-Peterson et al. 
[18] developed a simpler terminology to facilitate the communication and comparison 
of studies on the reproductive biology of fish. Still in order to make the nomenclature 
more comprehensive, the stages of oocyte development were simplified by Quagio-
Grassiotto et al. [19], and the development of stages of atresia, which are character-
ized as involutive processes, follows according to Miranda et al. [20].

Gonadal development can be analyzed macroscopically, and changes in shape, size, 
color, and texture of the gonads have been used as parameters for the classification 
of maturation status in many studies of ecology and reproductive dynamics[14, 21]. 
However, the most used analysis has been of the microscopic characters, since it allows 
a more detailed and precise description of the transitions and morphological and 
structural transformations that happen during gonadal development [8, 22, 23]. Thus, 
regarding the microscopic aspects of the gonad, it is verified that [24]:

• Spermatogenesis shows stages of development that include spermatogonia, 
spermatocytes, spermatids, and spermatozoa.

• Oogenesis usually shows the following progression: oogonia, primary growth 
oocytes, a previtellogenic stage in which oocytes grow larger and often have 
cortical alveolar vesicles, an extensive vitellogenic phase, oocyte maturation, 
and ovulation.

The oocyte development in a mature egg is a complex process modulated by 
numerous environmental and endocrine factors [25], and understanding the 
morphological characteristics of oocytes is important to interpret the dynamics of 
oogenesis [26]. Among the oocyte processes, folliculogenesis results in the removal 
of the primary oocyte from oogonium nests and consequent formation of ovarian 
follicles [27]. Descriptions for the germinal epithelium made by Grier [28] concep-
tualized “follicular complex” as the functional unit of the ovary. This complex is 
formed by two compartments separated by a basement membrane. One compart-
ment is the follicle, which consists of the oocyte surrounded by follicular cells and 
originated from the germinal epithelium. The second compartment is the theca, 
made up of undifferentiated ovarian stromal cells.

In the previtellogenic oocyte phase, multiple nucleoli are observed, as described 
by Grier et al. [29]. These oocytes are also called perinucleolar oocytes, when the 
nucleoli migrate to the nuclear periphery. There is also the formation of the zona 
pellucida, a complex structure consisting generally of two layers crossed by pores 
or channels containing the oocyte microvilli and/or follicular cell extensions. The 
zona pellucida reflects adaptations to different ecological conditions in which the 
eggs develop [30], whose inner layer protects the egg from mechanical damage and 
whose outer layer protects it from microorganisms.

Another cell characteristic that is used to describe the stages of oocyte develop-
ment is the presence of nüages, Balbiani corpuscles, and cortical alveoli. The nüages 
are originated by the transfer from the nucleus to the cytoplasm of large amounts of 
heterogeneous and ribosomal RNA synthesized [31] and associated with proteins. 
Balbiani corpuscles or yolk nuclei, described by Hubbard [32], were recognized 
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as clusters of organelles located near the nucleus, which proliferate intensely and 
spread throughout the cytoplasm. And, the cortical alveoli, as observed by Grier 
et al. [29], are vesicles filled with glycoproteins, formed by depressions of the 
oocyte membrane that become progressively larger, marking the final stage of 
primary or previtellogenic growth.

The described changes are followed by an expressive growth of the oocyte dur-
ing vitellogenesis, in which the oocyte accumulates the nutritive reserves necessary 
for the development of the embryo. The oocyte also accumulates RNA and com-
pletes the differentiation of its cellular and noncellular envelopes. During this time, 
the oocyte interrupts the meiosis at the end of the prophase and in the diplotene 
stage. Maturation processes are characterized by the reduction or halting of endo-
cytosis, resumption of meiosis, breakdown of the germinal vesicle, formation of a 
monolayer of cortical alveoli under the plasma oocyte membrane, and dissolution 
of yolk platelets; pelagic oocytes still undergo hydration [6].

The understanding of cellular modifications is used to describe the reproductive 
cycle. This allows the recognition of the reproduction period and the gonadal mor-
phological changes that occur. Descriptions of the reproductive cycle were initially 
elaborated by Yamamoto [33] and Agostinho et al. [34, 35], revalidated by Vazzoler 
[14], and later used by many authors. Next, Nuñez and Duponchelle [10] defined 
five stages of ovarian development with greater cellular detail and other four stages 
of testicular development based on macro- and microscopic characteristics. The last 
descriptions made by Lowerre-Barbieri et al. [24] and Quagio-Grassiotto et al. [19] 
on oocyte development, coupled with the stages of the reproductive cycle described 
by Brown-Peterson et al. [18], brought a proposal to homogenize the terms used and 
that has been applied in more recent studies. Research on the reproductive cycle of a 
given species helps to define determinant phases of gonadal development, as well as 
the “triggers” that initiate the process of cell proliferation and differentiation in the 
formation of gametes [14, 36–38].

2.  Important cellular morphological modifications during the oocyte 
development process

2.1 Cellular junctions and your distribution throughout the oocyte development

The growth and maturation of the ovarian follicles depend on carefully crafted 
communication between the somatic cells of the follicle and the oocyte. This 
association between somatic cell and germ cell in the ovaries of various vertebrate 
and invertebrate species is established through intercellular junctions [39–43]. In 
vertebrate ovarian follicles, direct cytoplasmic connections between the oocyte 
and follicular cells of the granulosa layer associated with it are established early in 
the oocyte development. In fish, amphibians, and mammals, these cytoplasmic 
connections are established at the points of contact between the oocyte microvilli 
and follicular cells or between follicular cell microvilli and oocyte, via specialized 
membrane junctions known as GAP junctions [44–47].

GAP junctions are intermembrane channel aggregates between adjacent cells 
composed by connexin proteins [48]. These junctions are considered homologous 
when they connect follicular cells to follicular cells and heterologous when they con-
nect follicular cells to the oocyte [49]. Recent observations suggest that the func-
tional coupling of GAP junctions, especially homologous ones, is necessary for the 
occurrence of the oocyte maturation process [50]. A possible role for the heterolo-
gous GAP junctions is the transfer of cAMP (PKA activator) from the follicular cells 
to the oocyte in order to induce the production or activity of membrane receptors 
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for the maturation-inducing hormone, or MIH [50], indirectly participating in the 
oocyte maturation process. GAP junctions may also be involved in specifying the 
pattern of polarity in the oocytes of various animal groups, so this junctional route 
can be used to pass intercellular signals from follicular cells to the oocyte to deter-
mine oocyte symmetry [51].

As previously reported, the fish oocyte is enveloped by the zona pellucida 
(microvillus area), by the follicular cells and by the basement membrane. Thus, 
from a morphological and functional point of view, it is important to know if there 
are any tight junctions between adjacent follicular cells, since these joints promote 
barriers for the passage of fluids through the extracellular space between adjacent 
cell membranes and maintain tissue and cell integrity [45, 52–54]. The main 
components of the intercellular junctions are the tight junctions [55, 56], which are 
composed of different transmembrane proteins that promote a homophilic interac-
tion. The cytoplasmic domain of the transmembrane adhesion molecules connects 
the binding proteins which, in turn, anchor the cytoskeletal adhesion complex. Of 
these molecules, occludins and claudins are the most extensively studied. Although 
occludin is a highly conserved molecule, claudins comprise a family of more than 20 
different proteins, some of which are expressed in a tissue-specific manner [57–59].

As claudins, cadherins are a transmembrane superfamily of proteins that contain 
several homologous members, exhibiting tissue diversity and distinct binding 
specificities [60–62], with a highly conserved cytoplasmic domain [63, 64]. These 
molecules mediate cell-cell contact at adhesion junctions also anchored in the 
cytoskeleton, thus playing an important role in the separation, positioning and 
control of cell movements, and in morphogenesis [65–67]. In a study with Danio 
rerio, E-cadherin homologous proteins were identified, and their synthesis and 
storage during oogenesis were verified [62]. Also, the establishment of heterotypic 
junctions linking the oocyte to follicular cells throughout folliculogenesis and 
cooperating in the determination of follicle architecture was observed [62]. When 
oocytes progress in vitellogenesis, the localization of adhesion proteins in the 
oocyte becomes restricted to a more specific pattern, which reflects the points of 
contact between the oocyte and the follicle cells and their adjustment to changes in 
the oocyte cytoskeleton throughout this phase [62].

2.2  Distribution and structuration of the cytoskeleton throughout the oocyte 
development

All intracytoplasmic and cortical events in oocytes involve a precisely organized 
and collaborative contractile system and a stable support matrix [68]. The cyto-
skeleton of the oocytes and embryos is implicated in key developmental events, 
such as creation and maintenance of axial polarity, cytoplasmic reorganization, 
cell division, change of surface architecture, morphogenetic motions, and internal 
arrangement of organelles [69]. It seems very likely that cytoskeletal structures are 
responsible for spatial distribution of yolk, cortical and pigment granules, lipid 
droplets, or mitochondria [68, 70]. Thus, the spatial organization of cytoskeletal 
filaments may be important for the preservation of oocyte viability [71].

Among the different proteins expressed in the cytoskeleton, the intermediate 
filament proteins are exceptionally complex [72, 73], especially in the class of cyto-
keratins. This is a class of proteins typical and specifically induced in cells compro-
mised for epithelial differentiation [72, 74, 75], and their identification in oocytes 
and eggs presents an interesting contrast when comparing to other cytoskeletal 
proteins in germ cells. Cytokeratins are not synthesized in previtellogenic oocytes 
but are expressed and accumulated in the vitellogenic stage. These filament proteins 
are first detectable in the cortex of oocytes in later stages of previtellogenesis; at 
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the beginning of vitellogenesis, they are distributed primarily in the region clos-
est to the nucleus and appear to become cortical again in mature oocytes [76]. 
Intermediate filaments of cytokeratin contribute to the complex structure of the 
oocyte and egg cortex, which is also rich in other cytoskeletal filaments such as 
actin filaments and microtubules [68, 77–79].

The microtubule matrix seems to be a very important component in the imma-
ture oocyte cortex in fish. The function of the cortical matrix of microtubules in 
oocytes remains undetermined but may be related to the mechanical stiffness that 
has been attributed to the cortex [80]. Even the basic mechanism of germinal vesicle 
migration and its mechanical anchoring in the region of the animal pole occur from 
the depolarization of the microtubules, leading to a consequent change in the posi-
tion of the germinal vesicle [80, 81].

Evident changes occur in the distribution and localization of tubulin-containing 
structures in growing oocytes. In previtellogenic oocytes, a great amount of tubulin 
is concentrated in the Balbiani corpuscle [82–85]. During vitellogenesis, mitochon-
dria are displaced from the Balbiani corpuscle to the surface of the cell, while others 
remain around the nucleus [82, 86], and this movement seems to be related to the 
reorganization of tubulin [87]. With the disintegration of the Balbiani corpuscle, 
due to the anterior displacement of membranous organelles, the released space is 
gradually filled with yolk, i.e., the yolk granules are in a tubulin-positive region. As 
vitellogenesis progresses, rearrangement of cell growth and its contents occurs with 
the movement of endosomes to transport yolk through the microtubules [87].

The proper organization and assembly of the cytoskeleton microtubule is an integral 
phenomenon, which is related to the expression of cellular asymmetry. Particularly in 
oocytes, the microtubules exhibit a unique paradigm as forming an eccentric meiotic 
spindle which, consequently, gives rise to asymmetric cytokinesis to form the first and 
second polar bodies. Its existence and function are dynamically regulated throughout 
the process of cell division, particularly during the S and M phases of the cell cycle [88].

Another element that contributes to the oocyte asymmetry is the actin cytoskel-
eton. In oocytes, the actin filaments are not randomly distributed within the cell 
[89]. In germ cells, as in many other cells, two types of actin are present: filamentous 
(F-actin) and non-filamentous (G-actin) actins [90]. Actin polymerization-depo-
lymerization process is essential for the translocation of many organelles, as mito-
chondria [91], Golgi system [92], and cortical granules [93, 94], as well as for the 
regulation of ion channel activity [95]. In addition, a certain proportion of F-actin 
and G-actin is required for the normal course of meiotic and mitotic divisions [96].

In many cells, a significant part of these filaments is in the area of the cellular cor-
tex, so it has been proposed that they take part in the transduction of transmembrane 
information signals, including hormonal signaling [97, 98]. Still in the oocyte cortex, 
the cortex-specific F-actin layer is peculiarly absent in the space between the germinal 
vesicle and the plasma membrane at the animal pole. In fact, it is through this “corri-
dor” that the two polar bodies are extruded in the posterior phase of meiosis [99, 100].

The formation of actin bundles in the oocyte cortex is one of the first morpho-
logical markers of induction to maturation [99]. The role of actin microfilaments 
in oocyte maturation seems to be related to the translocation of the endoplasmic 
reticulum structures to the germinal vesicle area and to the coordination of the cor-
tical granules in the plasma membrane zone [93, 101]. Even during follicular atresia, 
the actin cytoskeleton undergoes changes associated with the yolk degradation, 
while it remains preserved in follicular cells. Thus, maintenance of the actin cyto-
skeleton may be a sign of survival for follicular cells during early and/or advanced 
atresia processes [102]. Cytoskeleton changes have been extensively reported in 
apoptotic cells, among which changes in cell shape and anchorage are dependent on 
the reorganization of actin filaments and focal adhesion contacts [103].
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3. Morphological characteristics related to ovarian reorganization

3.1 Processes of atresia and cellular proliferation

Atresia is a degenerative process by which the ovarian follicles lose their integrity 
and are eliminated [104]. It is a common process in vertebrate ovaries under natural 
and/or experimental conditions [105] and can be induced by a series of exogenous and  
endogenous factors [106–109]. Oocyte degeneration, or follicular atresia, is a 
process that may occur before spawning, in oocytes that have not reached maturity 
and thereafter in oocytes that are no longer ovulated [110, 111]. In fish, atresia is 
involved in normal ovary growth [112, 113] and postovulatory regression [114–116], 
especially in females that are not able to perform maturation or ovulation after the 
vitellogenesis process [117].

Fish, in general, exhibits a reproductive periodicity, and, therefore, oocytes at 
various stages of development may be resorbed with the resultant formation of an 
atretic body. Considering the foregoing, Rajalakshmi [118] made a classification of 
the atretic processes taking into account the following stages: (1) “immature oocyte 
atresia” begins with the distortion of the cell shape, followed by loss of cytoplasmic 
homogeneity and reabsorption of the structure (in this type of atresia, the follicular 
cells do not exhibit any activity so the reabsorption of oocytes without yolk seems 
to be a relatively simple process); (2) “mature oocyte atresia” begins with the loss of 
the soft outline of the zona pellucida and dissociation of the follicular cells, which 
will then present phagocytic characteristic (i.e., enzymatic activity of acid phospha-
tase that will liquefy the yolk), followed by a slow dissolution of the zona pellucida 
and culminating in total resorption of the follicle; (3) “postovulatory complex 
atresia” begins with the distortion of the follicular cell shape, followed by loss of cell 
boundaries and formation of a syncytial structure, and finally the follicle shrink, 
with consequent degenerative changes.

The morphological characteristics of the atretic bodies and their stages of involu-
tion, independent of cellular development stage, were summarized in the study of 
Miranda et al. [20], as (1) initial atresia, with the disintegration of the oocyte nucleus, 
fragmentation of the zona pellucida, and follicular cell hypertrophy; (2) intermedi-
ate atresia, with follicular cells presenting phagocytic characteristics and ingesting 
the yolk; (3) advanced atresia, with numerous myelinic figures in the cytoplasm of 
follicular cells; and (4) final atresia, with the reduction in the number of follicular and 
theca cells and presence of granules of lipofuscin and granulocytes near the atretic 
follicle. With the current emergence of the theme of cell death pathways, studies 
about ovarian involutive processes in fish were brought to the spotlight again with 
new descriptions being made [102, 108, 116, 119–124] that add and/or corroborate 
those morphological characteristics already proposed by Miranda et al. [20].

In fish, mammals and, presumably, other vertebrates, the molecular mechanism 
responsible for ovarian follicular atresia is cell death by apoptosis [102, 124, 125]. 
Apoptosis, or programmed cell death, is a physiological process controlled by 
various hormones and growth factors. This is an evolutionarily conserved process, 
involved in remodeling, differentiation, and tissue degeneration in a variety of cell 
types [125]. It is characterized by biochemical and morphological changes such as 
chromatin condensation, DNA fragmentation, and the formation of apoptotic bod-
ies [126]. The main effector proteins in apoptosis are the caspases, a family of highly 
conserved cysteine proteases [127, 128]. Among the caspases, caspase-3 is the major 
effector one, including in the ovarian tissue in which it is expressed in the follicular 
cells of atretic follicles of fish and mammals [102, 124, 129].

In addition to apoptosis, Thomé et al. [130] presented a new route to cell death—
the autophagy. This route differs from apoptosis by the purpose of the processes: 
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apoptosis is the programmed cell death, and autophagy is a stress adaptation to 
prevent cell death. The functional relationship between apoptosis and autophagy 
is complex. In some cases, autophagy is a form of adaptation to suppress apoptosis, 
whereas, in other cases, autophagy constitutes an alternative pathway of cellular elim-
ination called autophagic or type II cell death [131–133]. It has been understood that 
apoptosis is the main mechanism involved in the involution of postovulatory follicles 
[116, 121], while autophagy contributes to the regression of atretic follicles [20, 130]. 
Even though the limits and interrelationships between these two processes have not 
yet been well established, recent studies have shown that there may be a crosstalk 
between autophagy and apoptosis pathways in the ovarian involution processes. A 
fine balance between the signs for survival and cell death appears to be essential for 
determining the fate of follicular cells, particularly in follicular atresia [102, 124].

During follicular development, a low rate of follicular cell apoptosis can be con-
sidered as a physiological event for the control of the appropriate number of cells 
and elimination of the undesirable ones [134]. However, high apoptosis values can 
be observed under unfavorable conditions, compromising follicular viability [135]. 
Thus, organic homeostasis is dependent on the balance between cell proliferation, 
differentiation, and death, so populations of rapidly proliferating cells usually have 
high rates of cell death by apoptosis [125, 136].

The mechanism of cell proliferation is a highly regulated process that seems to 
be essential for the maintenance of ovarian homeostasis [137], and yet the hor-
monal mechanism controlling oocyte proliferation and recruitment of oocytes is 
not understood completely for any vertebrate [6]. In contrast to mammals, oogonia 
continue to proliferate in adult female fish [138], thus renewing stocks of young 
oocytes and follicles [139, 140]. The pre-follicular and follicular cells begin to 
proliferate when in the folliculogenesis phase, to support the oocyte growth [19]. 
However, ovarian mitosis in fish is usually observed at the end of each reproductive 
cycle [137], when ovarian tissues are reorganized [141, 142]. Throughout ovigerous 
lamellae in adult females, germ cell proliferation and the formation of germline 
cysts result in extensions of the germinal epithelium that are segregated from the 
connective tissue by a basement membrane [19]. These extensions of the germinal 
epithelium are known as oogonium nests [28, 143] and mark the beginning of the 
reproductive cycle again.

3.2 Extracellular matrix and its changes through the reproductive cycle

During the reproductive cycle, ovarian tissue is constantly remodeled, with 
extensive cell proliferation and differentiation, as well as extracellular matrix 
changes from early follicular development to tissue involution after ovulation 
[144]. Among the processes and factors involved in tissue remodeling are apoptosis, 
changes in hormone levels, and degradation of the extracellular matrix in contact 
with cells [134].

The extracellular matrix is an insoluble network of several structural and 
functional macromolecules found in connective tissues and basement membranes 
[145]. It is both a barrier that separates the organism into tissue compartments and 
a substrate for cell adhesion [146]. In addition to these structural functions, the 
extracellular matrix is an essential regulator of cellular physiology, predominantly 
in cell survival, cell cycle, cell migration, and morphogenesis [147].

A coordinated interaction of signals is necessary to regulate the proliferation, 
differentiation, adhesion, and migration of specific cell types for the development 
and organization of structural tissues [148]. During the normal development of 
an organ or in pathological modifications, the matrix undergoes intense changes 
in its composition. This process, called matrix remodeling, is involved in many 
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physiological processes, such as activation of immune cells [149], wound healing 
[150, 151], embryogenesis [152, 153], or reproductive cycle [154].

The extracellular matrix-cell interactions influence gene regulation, cytoskeletal 
structure, differentiation, and many aspects of cell growth [155]. Changes in the 
expression of components that make up the extracellular matrix accompany follicu-
lar growth, ovulation, and involution of postovulatory follicles, which in its turn may 
influence follicular maturation, cell survival, and steroidogenesis [134, 156, 157]. 
Studies with mammals demonstrate that gonadal support cells synthesize a variety of 
components comprising the extracellular matrix and the basement membrane, such 
as collagen, laminin, keratin, fibronectin, lectin, and fibril chains [158, 159].

The balance between the degradation and regeneration of the extracellular 
matrix in ovarian tissues is maintained, in part, by the action of extracellular 
proteolytic enzymes that are secreted by the local cells. Most of these enzymes are 
matrix metalloproteinases (MMPs), which depend on the Ca+2 or Zn+2 binding to 
their activity [160]. During oogenesis, great changes in the extracellular environ-
ment of the ovary were largely attributed to the action of MMPs [144]. MMPs play 
an important role in the ovulation process in different groups of vertebrates, acting 
on follicular rupture, basement membrane fragmentation, and follicular connective 
fibers [144, 161, 162].

The integrity of the basement membrane is also evidenced by the continuous 
marking of laminin-β2 and type IV collagen, which allows the development of ovar-
ian follicles [159, 163]. On the other hand, the discontinuous labeling of laminin-β2 
and type IV collagen in the basal membrane of postovulatory follicles indicates 
that basement membrane degradation occurs due to the breakdown of these major 
components [134]. The loss of the basement membrane integrity may contribute to 
the increase of follicular cell apoptosis, suggesting its influence on the survival of 
postovulatory follicle cells [116].

Fibronectin and laminin have been shown to be extracellular matrix proteins 
synthesized by follicular cells [164, 165]. The presence of fibronectin on the sur-
face of postovulatory follicle cells is due to the need of interaction between their 
domains with type IV collagen and cell surface integrin, and it is important for 
the maintenance of cell adhesion in the extracellular matrix [159]. According to 
Iwahashi et al. [166], the type IV collagen detected in the connective tissue among 
theca cells may be involved in the organization of extracellular fibronectin. This 
interaction between type IV collagen and fibronectin may act on cell migration that 
occurs during the late remodeling of postovulatory follicles [134].

Thus, the structure and composition of the extracellular matrix play an impor-
tant role during follicular development and post-spawning involution in teleost fish. 
The basement membrane integrity is important for follicular cell survival, and the 
loss of integrity contributes to increased follicular apoptosis. In addition, MMP-9 
may be involved in the final oocyte maturation and regression of postovulatory 
follicles [134]. Therefore, it follows that different combinations and proportions in 
the assembly of extracellular matrix components, together with the presentation 
of a large variety of proteoglycans at various times during the development and 
maturation of the gonads, can orchestrate distinct gene expression programs and 
culminate in more diverse tissue variations and adaptations [148].

4. Conclusions

Studies in gametogenesis help to understand the ecological, adaptive, and evolu-
tionary relationships in the groups of species, especially when the oocyte structures 
are analyzed in an ultrastructural level. This is even more important when we 
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consider that there are few fish species that present descriptions with adequate mor-
phological and/or functional detail. Most of the studies do not evaluate the repro-
ductive characteristics with the necessary histological and ultrastructural details, 
which can lead to incomplete interpretations of the reproductive characteristics of 
the species. Likewise, studies involving organelles and their distribution throughout 
the reproductive cycle and cellular development in fish species are punctual or 
restricted to a developmental stage. The understanding of these processes is then 
due to the sum of several studies at different stages of development, but they do not 
necessarily represent the same environmental, behavioral, and population pressures 
that are being addressed to the individuals of a given species. Thus, the continuous 
study of these variables throughout the reproductive cycle of key species may allow 
more real parameters on the dynamics of the intracellular structures in germ cells 
and follicular cells, as well as the extracellular matrix. All of the above is even more 
relevant when applied to such a diverse group, as fish, that have great ecological, 
social, and economic importance.
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Abstract

During two annual periods, the reproductive cycle of the gastropod Hexaplex 
princeps from Puerto Ángel, Oaxaca, Mexico was studied through gonadal histology. 
Sex proportion for the collected individuals was not statistically different from par-
ity although most of the time, the number of males was slightly larger than that of 
females, which only outnumbered males during the spawning season. The maturity 
stages established for females were: (1) initial oogenesis, (2) previtellogenic matu-
rity, (3) vitellogenic maturity, (4) maturity, (5) spawning, and (6) resting; and for 
males: (1) initial spermatogenesis, (2) maturity, (3) spawning, (4) onset of the rest, 
and (5) resting. Monthly variations of maturation stages showed that H. princeps 
has an annual reproductive cycle with a long period of gonadal activity. The spawn-
ing season comprised from November (females) and December (males) to March, 
with activity peaks in January. From March to October (females) and from May to 
June (males), reproduction resting occurred. Spawning was related to high chloro-
phyll concentrations due to the upwelling processes resulting from the winds and to 
the cooler sea surface temperatures occurring from November to March. This study 
provides baseline information that may serve to establish measures for sustainable 
exploitation strategies and for future aquaculture implementation of this species.

Keywords: Hexaplex princeps, reproductive cycle, sexual proportion, 
histological analysis, maturity scales

1. Introduction

Marine mollusks constitute one of the more important world fisheries represent-
ing around 10% of the total value and quantity [1]. These invertebrates have been 
exploited since ancient times. Recently, it has been reported that omega fatty acids, 
including docosahexaenoic acid (DHA) are key to brain health and most likely 
helped to drive the evolution of the modern human brain, when hominin ancestors 
consumed rich DHA marine shellfish [2]. In the world, approximately 720 gastro-
pod species are exploited [3, 4]. In Mexico, the gastropod catch in 2013 has the 19th 
place with 6011 ton [5].

The gastropod Hexaplex princeps has a spiny shell, height from 7.6 to 15.2 cm 
and whirl count 6 or 9; edge of lip armed with long, hollow, and frond-like spines; 
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is gonochoristic and the gonad with the digestive gland occupies the visceral coils 
[6]; distributes from the Gulf of California to Peru inhabiting moderately shal-
low waters [7, 8]. The presence of this species has been reported in Panama [9]. 
Hexaplex princeps (Broderip, 1833) is captured by several artisanal fisheries of 
Mexico: because of its size and taste, H. princeps is observed with less frequency 
in the subtidal zone at the Tenacatita (Jalisco) coral reef in search of other prey 
gastropods, although can be found in rocky substrates with heavy wave action 
[10]. At Acapulco (Guerrero), H. princeps is the second major exploited species 
after the oyster Striostrea prismatica [11]. Our observations along the study period 
suggest that at Puerto Ángel, Oaxaca, this species is an important fishery resource 
as it supports around 80% of the gastropod catch for local population and tourism 
consumption.

In the world, artisanal fisheries are in continuous expansion due to the growing 
demand and increasing value of appreciated species, and thus, the fisheries effort is 
augmenting [12]. Under this scenario, it is advisable (if not indispensable) to gather 
baseline biological information that may be used to propose management measures 
promoting long-term sustainable resource exploitation [4].

The study of the reproductive processes in marine organisms is a fundamental 
biological aspect, which permits to understand their population dynamics [13]. The 
reproductive season is a crucial life history trait and the proper timing of breeding 
may be important to provide the offspring with favorable environmental conditions 
and to influence parental fitness [14, 15]. The analysis of the reproductive cycle of 
organisms permits to know the adequate moment and intensity of the capture to 
avoid the population depletion.

The reproduction of Muricidae members (at which H. princeps belongs) has 
been studied in several instances: the gonad cycle of Bolinus brandaris at the South 
of Portugal [16] and at the South of Tunisia [4]; in the Gulf of California, Mexico, 
observations on the “Black Murex” Hexaplex nigritus [17] and Hexaplex erythrosto-
mus [18] similar oviposition. In spite of the importance of H. princeps as a fishery 
resource, there is no information on its reproductive cycle. This knowledge gap 
makes necessary to carry out studies on the biological cycle of this species in order 
to take adequate management decisions leading toward its sustainable exploitation 
and even its aquaculture in the future.

Thus, this study is aimed to investigate the reproductive cycle of Hexaplex 
princeps, considering sexual proportion, gonad maturation, spawning periods, and 
maturity stages variation in relation with the surface temperature and chlorophyll 
concentration along two annual periods at Puerto Angel, Oaxaca, Mexico.

2. Materials and methods

The organisms were obtained from the artisanal fishery with (as possible) 
monthly periodicity during two annual periods from January 2014 to November 
2015. The organisms were caught with the help of two local free divers and the 
captain of an 8 m length vessel with a 40 HP outboard motor at depths from 5 
to 15 m in rocky coast localities at the vicinity of Puerto Ángel, Oaxaca, Mexico, 
between 9:00 and 12:00 h local time (Table 1, Figure 1). The collecting sites were 
determined each date according to the atmospheric and sea conditions as well as 
the diver’s knowledge on the species availability in the zone. Our aim was to have 
a representative number of specimens from the region to gather the histological 
information from reproductive organs and tissues.

From the caught organisms, 10–15 individuals in the interval from 8 to 12 cm in 
length (interval that contained more than 90% of the lengths, we collected since 
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2012) were separated and their shell broken to extract the soft parts, which were 
fixed in formalin 10% prepared with seawater [19]. Once fixed, the specimens 
were transported to the Biometry and Fisheries Biology Laboratory of the Facultad 
de Estudios Superiores Zaragoza, UNAM, where after 48 h were washed with tap 
water and preserved in 70% ethylic alcohol. As there are no external characters to 

Site Latitude (N) Longitude (W)

Punta Cometa (PC) 15° 39′ 35.4″ 96° 33′ 16.5″

San Agustinillo (SA) 15° 39′ 48.6″ 96° 33′ 01.0″

Playa Panteón (PP) 15° 39′ 56.1″ 96° 29′ 27.1″

Aragón (Ar) 15° 39′ 38.2″ 96° 31′ 46.8″

Estacahuite (Es) 15° 40′ 04.7″ 96° 28′ 54.5″

Bajos de Aceite (BA) 15° 40′ 10.6″ 96° 28′ 29.6″

La Mina (LM) 15° 40′ 26.7″ 96° 28′ 35.7″

La Boquilla (LB) 15° 40′ 48.3″ 96° 27′ 58.4″

Secretario (Sr) 15° 41′ 02.3″ 96° 27′ 00.5″

Tijera (Tj) 15° 41′ 20.2″ 96° 26′ 26.3″

Dominguillo (Dm) 15° 41′ 35.0″ 96° 26′ 02.2″

Playita, Tembo (PT) 15° 41′ 36.1″ 96° 25′ 54.3″

Temperature (SST) and chlorophyll (CL) 15° 38′ 44.9″ 96° 28′ 45.0″

Table 1. 
Specimen collection and environmental variables (surface sea temperature and chlorophyll) measure site 
geopositions.

Figure 1. 
Geographical location of the study area, Puerto Ángel, Oaxaca, Mexico. The collection sites are indicated: PC: 
Punta Cometa, SA: San Agustinillo, Ar: Aragón, PP: Playa Panteón, ES: Estacahuite. LM: La Mina, BA: Bajos 
de Aceite, LB: La Boquilla, Sr: Secretario, Tj: Tijera, Dm: Dominguillo, PT: Playita Tembo.
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distinguish sex, the specimens were dissected to examine and search for the pres-
ence or absence of penis.

The sexual proportion was analyzed by means of the chi-squared goodness of fit 
test following the corrected Yates expression [20, 21].

The histological sections were carried out at the Histology Laboratory from the 
Morphology Department at the Escuela Nacional de Ciencias Biológicas, Instituto 
Politécnico Nacional. The alcohol-preserved specimens were dehydrated follow-
ing the usual alcohol series (70–100%) and cleared in xylol before being included 
in paraplax and paraffin. The embedded tissues were sliced into sections of 5 μm 
thickness using a microtome and mounted over glass slides. The preparations were 
stained with the Hematoxylin-Eosin method [22] to facilitate the determination of 
the gonad development stages. The sections were fixed with Entalan and covered 
with glass slips. Finally, the preparations were observed and photographed by 
means of an optical microscope with attached camera.

The sea surface temperature (SST) and chlorophyll a of Puerto Ángel data 
were consulted from the GES DISC-NASA database [23, 24]. The monthly values 
were taken from a site in the vicinities of the Puerto Angel Bay (Table 1). To assess 
the statistical significance of the relationships between the maturity stages and 
the mean values of temperature and chlorophyll, two procedures were employed. 
In the first place, in order to clarify the pattern showed by the gonad stage per-
centages, a nonlinear resistant smoothing procedure was applied. The preferred 
smoother was the 4253eh,twice, which combines the smooth result of even span 
running median smoothers (4,2), the resistance of odd running medians (5,3) with 
end point adjustment (e), the “Hanning” weighted mean smoother (h) and the 
“re-roughing” (twice) step [25, 26, 27, 28, 29–32, 33].

The comparisons of the resulting time series data were performed by means 
of the cross-correlation analysis [34, 35, 33] between the percentages of maturity 
stages against the temperature and chlorophyll values. Additional cross-correlation 
analyses among maturity stages were made.

3. Results

3.1 Reproductive cycle

In total, 232 males and 214 females were captured. The sexual proportions 
throughout the study are included in Table 2. From the 446 individuals, 250 were 
analyzed for recognition and characterization of the gonad stages considering the 
degree of development besides the occurrence and abundance of gametes. The 
different gonad development stages were classified as follows: for females, six 
stages were established (Table 3, Figure 2). Stage 1 (S1) initial oogenesis, stage 
2 (S2) previtellogenic maturity, stage 3 (S3) vitellogenic maturity, stage 4 (S4) 
maturity, stage 5 (S5) spawning, and finally, stage 6 (S6) resting. For males, five 
stages were recognized (Table 4, Figure 3). Stage 1 (S1) initial spermatogenesis, 
stage 2 (S2) maturity, stage 3 (S3) expulsion, stage 4 (S4) onset of rest, and stage 
5 (S5) resting.

Spawning (S5) females of H. princeps (Figure 4) presented large percentages 
during January (60%), March (67%), and November (67%) of 2014. On the other 
hand, it is noted that 100% of the resting stage (S6) was registered in July. The 
months with larger spawning (S5) percentages during 2015 were January (60%), 
March (80%), and November (75%) and the months with resting (S6) larger 
frequency values were April (75%) and July (75%).
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Collecting data and site 

(main)

Total Sexo Male:female 

proportion

χ
2 

(Yates)

P

Males Females

24/Jan/14 (Es) 93 40 53 1.00:1.33 1.55 0.21

21/Feb/14 (Dm) 02 02 0 —:— 0.50 0.48

21/Mar/14 (Ar) 26 16 10 1.60:1.00 0.96 0.33

25/Apr/14 (PP) 60 33 27 1.22:1.00 0.42 0.52

23/May/14 (ML) 53 27 26 1.04:1.00 0.00 1.00

15/Aug/14 (PC) 42 25 17 1.47:1.00 1.17 0.28

24/Oct/14 (PC) 13 04 09 1.00:2.25 1.23 0.27

28/Nov/14 (PT) 57 32 25 1.28:1.00 0.63 0.43

21/Dec/14 (Es) 12 07 05 1.40:1.00 0.08 0.77

30/Jan/15 (PT) 08 03 05 1.00:1.67 0.13 0.72

27/Mar/15 (PP) 07 02 05 1.00:2.50 0.57 0.45

30/Apr/15 (PP) 08 05 03 1.67:1.00 0.13 0.72

15/May/15 (LM) 08 04 04 1.00:1.00 0.13 0.72

12/Jun/15 (SA) 11 06 05 1.20:1.00 0.00 1.00

15/Jul/15 (BA) 09 06 03 2.00:1.00 0.44 0.50

21/Aug/15 (PP) 09 05 04 1.25:1.00 0.00 1.00

25/Sep/15 (PP) 10 05 05 1.00:1.00 0.10 0.75

16/Oct/15 (PP) 08 04 04 1.00:1.00 0.13 0.72

27/Nov/15 (PP) 10 06 04 1.50:1.00 0.10 0.75

Total 446 232 214 1.08:1.00 0.65 0.42

Site abbreviations according to Table 1.

Table 2. 
Number of individuals by collecting date and site (main); sexual proportion and its statistical significance are 
included (χ2 with yates correction).

Stage 1 initial oogenesis (S1) Occurrence of developing ovogonia and oocytes, thick follicle 
walls

Stage 2 previtellogenic maturity (S2) Oocytes full of yolk granules; in some oocytes, the nucleus 
and nucleolus are observed; follicles completely mature full of 
oocytes

Stage 3 vitellogenic maturity (S3) Follicles with thin walls and developing oocytes; yolk granules are 
observed and yolk platelets appear

Stage 4 maturity (S4) Follicles full of yolk granules and platelets; thin follicle walls

Stage 5 spawning (S5) Light in the follicles is observed; follicles partially empty; follicle 
walls thin with some remnant oocytes

Stage 6 resting (S6) Some resting follicles besides cells or phagocytes in thick follicle 
walls; conspicuous conjunctive tissue

Table 3. 
Characterization of gonad development stages for females of Hexaplex princeps.
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Males of H. princeps (Figure 5) presented spawning (S3) stage in January 
(100%) and March (50%); the reproductive resting stage (S5) occurred in 

Figure 2. 
Histological sections of Hexaplex princeps females showing ovary stages. a: initial oogenesis (20X), 
b: previtellogenic mature (10X), c: vitellogenic mature (20X), d: mature (10X), e: spawning (10X), f: resting 
(10X). Oo: oogonia, Oc: oocytes, DG: digestive gland, CT: connective tissue, PV: vitelline platelets, PvO: 
previtellogenic oocytes, VO: vitellogenic oocytes, FW: follicular wall, RO: residual oocytes, P: phagocytes.

Stage 1 initial 
spermatogenesis (S1)

Follicles active, developed with immature cells; small separated follicles with 
numerous immature cells (spermatogonia and spermatocytes), thick follicle 
walls

Stage 2 maturity (S2) Follicles utterly full with a greater quantity of spermatozoids, spermatogonia, 
spermatocytes, and spermatids

Stage 3 spawning (S3) Mature spermatozoids in expulsion, ciliated cylindric epithelium with 
foldings

Stage 4 onset of rest (S4) Some follicles in expulsion; empty and resting follicles are observed

Stage 5 resting (S5) Empty follicle lumen; resting follicles due to the expulsion of spermatozoids 
are observed; conspicuous conjunctive tissue

Table 4. 
Characterization of gonad development stage for males of Hexaplex princeps.
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Figure 3. 
Histological sections of Hexaplex princeps males showing testis stages. a: initial spermatogenesis (50 μm), 
b: mature (100 μm), c: spawning (10x), d: onset of rest (100 μm), e: resting (50 μm). Eg: spermatogonia, Ec: 
spermatocytes, Ez: spermatozoa, RS: residual spermatozoa, DG: digestive gland, CT: connective tissue, P: 
phagocytes.

Figure 4. 
Gonad stage frequency 2014–2015 for H. princeps females by sampling date. Chlorophyll concentration 
(mg m–3) and Surface Water Temperature (°C) values are showed.
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Figure 5. 
Gonad stage frequency 2014–2015 for H. princeps males by sampling date. Chlorophyll concentration (mg m–3) 
and temperature (°C) are included.

Figure 6. 
The smoothed frequency of the female reproductive stages along the study period and cross-correlation 
correlograms for mature-spawning (S4-S5) and spawning-resting (S5-S6) reproductive stages comparison.
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May (60%), June (75%), and July (67%) 2014. The months of 2015 with larger 
spawning (S3) percentages were January (100%) and March (50%); finally, the 
months with the larger frequency of resting individuals (S5) were May (60%) 
and June (75%).

3.2 Chlorophyll a concentration and gonad cycle

In 2014, the highest chlorophyll a concentrations were observed in January 
(3.00 mg m−3), February (4.00 mg m−3), March (2.05 mg m−3), and December 
(2.27 mg m−3); in the same months, the larger frequency of individuals in the 
spawning stages (S5 females, S3 males) (Figures 4 and 5) was observed. For the 
same year, low chlorophyll concentrations were recorded in June (0.15 mg m−3) 
and July (1.10 mg m−3) months, which correspond with the larger frequency of 
females and males in the resting stages (S6 and S5, respectively) (Figures 4 and 5).

In 2015, the high chlorophyll concentrations were observed in January 
(1.62 mg m−3), February (1.23 mg m−3), March (1.08 mg m−3), and (exception-
ally) April (11.89 mg m−3); except for April, in all other months, the stage with 

Figure 7. 
The smoothed frequency of the male reproductive stages along the study period and cross-correlation 
correlograms for mature-spawning (S2-S3) and spawning-resting (S3-S5) reproductive stages comparison.
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larger frequency was spawning (S5 and S3 for females and males, respectively) 
(Figures 4 and 5). In the same year, the lower chlorophyll concentrations occurred 
in July (0.18 mg m−3), October (0.18 mg m−3), and November (0.19 mg m−3). These 
chlorophyll concentration values were related to the resting stage of females and 
males (S6 and S5, respectively) (Figures 4 and 5).

It is possible that the April 2015, notably high (11.89 mg m−3), chlorophyll 
concentration originated a different pattern, in comparison with that from the 
same month of the previous year. The resting phase of females (S6) and males (S5) 
occurred with less frequency and the spawning gonad stage (S5 females and S3 
males) extended to June, July, and August (Figures 4 and 5).

3.3 Temperature and gonad cycle

The lowest registered temperatures occurred in January (27.48°C), February 
(27.74°C), and December (27.96°C). In these months, it was observed that the 
spawning females (S6) and males (S3) were those with the highest frequency 
(Figures 4 and 5). The months with the highest temperatures were May (30.70°C), 

Figure 8. 
The smoothed frequency of spawning females (S5), surface sea temperature (SST) and chlorophyll 
concentration (CL) along the study period and cross-correlation correlograms for S5-SST and S5-CL 
comparison.
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June (31.14°C), and August (30.83°C), which were related to the larger frequency of 
the resting stages of females (S6) and males (S5) (Figures 4 and 5).

The lowest temperatures for 2015 were registered in January (28.04°C), February 
(27.44°C), and March (28.11°C), which corresponded with the highest frequencies of 
female and male in the spawning stage (S5 and S3, respectively). The months with the 
larger temperature values were August (31.19°C) and September (31.24°C). In these 
months, female stage 4 (mature), 5 (spawning), and 6 (resting) were observed with 
25, 25, and 50%, respectively; the male stages were 3 (spawning) and 4 (end of spawn-
ing, onset of the rest) (50 and 30%, respectively), and in September, 35% of stage 2 
(maturity), 25% of phase 3 (spawning), and 40% of stage 5 (resting) were observed.

3.4 Smoothing and cross-correlation

To describe in more detail the variation and relationships of the reproduction 
stages and the environmental variables, sea surface temperature (SST) and chlo-
rophyll a (Cl) concentrations, along the study period, the smoothed frequency of 
the reproductive stages were analyzed by cross-correlation. It can be easily seen 

Figure 9. 
The smoothed frequency of spawning males (S3), surface sea temperature (SST) and chlorophyll concentration 
(CL) along the study period and cross-correlation correlograms for S3-SST and S3-CL comparison.
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(Figure 6) that during the cool months of the year (from October to February), 
the females mature (S4) and spawn (S5) from October to March. During 2015, the 
spawning period lasted longer than the previous year. Very clearly, the females are 
in reproductive rest (S6) during the warmer half of the year (from April to August). 
The cross-correlation of the series shows a significant positive trend between 
S4 and S5 stages synchronically and an inverse correlation with 4–5 months lag 
between spawning (S5) and rest (S6).

The males seem to mature (S2) early (July) but the trend is clear from 
September to January (Figure 7). The spawning males (S3) occur from October to 
February. Similarly than females, males attain the reproductive rest stage (S5) from 
April to August, during the warmer months.

The cross-correlograms show a direct relationship lagged 2 months between 
S2 and S3 (maturity, spawning stage) and a 6 month lagged high cross-correlation 
between spawning (S3) and resting (S5) males, corroborating significantly the 
above statements.

The spawning (S5) females showed a clear opposite (negative) correlation 
with the sea surface temperature values with a lag of 6 months, and concordant 

Figure 10. 
The smoothed frequency of resting females (S6), surface sea temperature (SST) and chlorophyll concentration 
(CL) along the study period and cross-correlation correlograms for S6-SST and S6-CL comparison.
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Figure 11. 
The smoothed frequency of resting males (S5), surface sea temperature (SST) and chlorophyll concentration 
(CL) along the study period and cross-correlation correlograms for S5-SST and S5-CL comparison.

Sex Sequence Lag Cross-correlation P-value

Females S4-S5 0 0.7144 0.0001

S5-S6 4 0.7525 0.0000

Males S2-S3 2 0.4165 0.0182

S3-S5 5 0.7192 0.0000

Females S5-SST 6 0.6278 0.0001

S5-CL 0 0.8442 0.0000

Males S3-SST 7 0.5366 0.0013

S3-CL 1 0.6835 0.0000

Females S6-SST 2 0.7281 0.0000

S6-CL −4 0.8384 0.0000

Males S5-SST 2 0.7159 0.0000

S5-CL −4 0.8467 0.0000

Table 5. 
Cross-correlation analysis results resume: sex, sequences compared, time lag (month), cross-correlation, and 
significance values.
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(positive) cross-correlation with chlorophyll a concentration with no lag 
(Figure 8). In Figure 9, it is possible to see that, as the females, spawning (S3) 
males had negative cross-correlation values with SST values (lagged around 
7 months), and positive with chlorophyll (1-month lag). In contrast with the 
former trends, the resting females (S6) showed positive cross-correlations (lagged 
2 months) with SST and negative relationship (with a lag of 7 months) with 
the chlorophyll concentrations (Figure 10). In a similar way as resting females, 
males in reproductive rest stage (S5) showed a direct trend with SST (lagged 
1 or 2 months) and the opposite of the chlorophyll values (a lag of 7 months) 
(Figure 11). A resume of the cross-correlations significances is included 
in Table 5.

4. Discussion

The sex proportion of H. princeps from Puerto Ángel was found to be statistically 
balanced with a slight preponderance of males during the warmer months of the year. 
These findings correspond with the study of Vasconcelos et al. [36], who reported 
a balanced sex ratio and males dominating among smaller individuals of Hexaplex 
(Trunculariopsis) trunculus in the Ria Formosa Lagoon in Portugal. This is contrary to 
the unbalanced sex ratio reported by Elhasni et al. [4] for Bolinus brandaris (another 
Muricid) in Tunisia, where females surpassed males, mainly during the reproduc-
tion period. Although not significant, at Puerto Ángel in the cold months (January 
2014 and January, March 2015), when the reproductive event occurs, the number of 
females was larger than that of males, which may be associated with the reproductive 
behavior of this species as the females tend to aggregate for oviposition.

The histological examination of the gonads of Hexaplex princeps at Puerto Ángel 
permitted to characterize six stages of maturity development in females (Table 3) 
and five for the males (Table 4). Although there are no previous reports on the 
histological maturity for H. princeps, the stages characterized in the present study 
for the females correspond closely to those suggested for H. trunculus from Portugal 
[36]. In the case of male maturity and based on our observations of the histological 
sections, we consider that only five stages are enough to describe the spermatogenic 
cycle.

Comparing both sexes, spawning and expulsion occurred in January, April, 
May, October, and November, and the larger frequency of resting individuals was 
registered in June and July. In this way, it is possible to recognize a period of spawn-
ing and expulsion from November to March with pikes in January and February. 
The resting period of females occurred from March to October, with peaks in July 
(2014) and April–July (2015), and the males presented high resting frequency values 
in June (2014) and May (2015). This does not corresponds to the reproduction times 
reported for H. erythrostomus from Bahía Concepción, Baja California Sur, where 
the reproductive events were annotated during the warmer months (May–July) 
[37]; though it has to be noted that the highest temperature of 28°C of the Bahía 
Concepción sea surface water temperature corresponds with the cooler temperatures 
of Puerto Ángel. The temperature is one of the most important external environmen-
tal factors that affects molluscan reproduction and in the case of H. princeps, for both 
sexes, the spawning and expulsion stages occurred at relatively low temperatures and 
the resting period at warmer temperatures of surface waters at the studied locality.

Chlorophyll concentrations have a direct relationship with the development 
of gonads as this reproductive process demands high energetic quantities that 
must be obtained from the eaten food extracted from the environment or from 
reserves previously accumulated or from both [6, 38]. H. princeps is a predator 
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gastropod that depends on the energy obtained from its preys. So, during 2014, for 
the females, it was noted that when the chlorophyll a concentrations were high, 
maturity and spawning stages presented a higher occurrence percentage and when 
the concentrations were low, the most frequent gonad stage is resting. For the males, 
when the chlorophyll concentrations were high, the most frequent gonad stage was 
the expulsion and when low concentrations occurred, the most frequent gonad 
stage was resting. In 2015, chlorophyll concentrations were very variable having 
high values from January to March and an increment in November corresponding 
with larger percentages of spawning females and expulsing males. However, an 
anomalous high peak of chlorophyll concentration occurred in April when, unlike 
the same month from 2014, could have caused the reduction of the resting stage and 
oogenesis and spermatogenesis occurred as indicated by presence of the spawn-
ing stage. Therefore, the periods with large chlorophyll availability coincide with 
the gonad development. H. princeps tends to reproduce when the phytoplankton 
population is blooming, so its offspring could have a higher probability of survival 
due to food abundance [14, 15].

In relation to temperature is worth to mention that along the period of study, the 
water temperature differences between surface-bottom lectures were not detected. 
The direct explanation for this finding is that the rocky coast localities where the 
individuals of H. princeps were collected are places very energetic under the effects 
of strong wave action, precisely the zones usually inhabited by this organism [7, 8].

In this study, the predominance of reproductive stages occurred during the 
winter months under relatively colder temperatures. As noted before, the reproduc-
tion of the related species H. erythrostomus in the Gulf of California happened when 
the water temperature was around 28°C [37], figure similar to the January surface 
temperatures of Puerto Ángel.

From October to April but mainly from November to February, the blowing 
winds, known as the “Tehuanos,” originate upwelling and water vertical mixing 
causing an increase in chlorophyll concentrations [39, 40] by phytoplanktonic 
blooming. This water mixing process promotes spawning, breeding, and feeding 
of the aquatic species [41]. Thus, it is possible that the food availability is the main 
factor affecting the onset of reproduction of H. princeps in this region.

On the other side, we would like to mention that the smoothing technique 
applied to the maturity stage frequencies allow distinguishing in a clearer way the 
subjacent pattern of the reproductive cycle. With the availability of long-term data 
records, it is possible to use time series analysis statistical techniques, making it pos-
sible to assess the significance of the observed behaviors. From this, it can be stated 
that H. princeps matures and spawns during the cold months of the year (October–
March) and rest its reproduction during the warm part of the year (May–August). 
It observed a positive correlation with the quantity of food (indirectly indicated by 
the chlorophyll a concentrations) and in all the cases, the leads and lags of these 
variables can be determined [35].

This is the first study on the reproductive cycle of H. princeps in the region and 
present baseline information for: (i) potential management measures, in particular, 
the knowledge of the timing of spawning season, (ii) assessment of aquaculture 
potential. More research on the subject is needed.

5. Conclusions

The reproductive cycle of Hexaplex princeps was studied through monthly 
histological analysis of gonads during two annual periods (2014, 2015) from 
specimens obtained from the artisanal fishery at Puerto Ángel, Oaxaca, Mexico, 
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considering sexual proportion, gonad maturation, spawning periods, and maturity 
stages variation in relation with environmental factors (sea surface temperature and 
chlorophyll concentration).

The sexual proportion was not statistically different from parity, although most 
of the times, the number of males was slightly larger than the number of females. 
Only during the spawning season, females were more frequent than males.

The histological analysis permitted to establish maturity stages.
Females (six stages): (1) initial oogenesis, (2) previtellogenic maturity, (3) vitel-

logenic maturity, (4) maturity, (5) spawning, and (6) resting.
Males (five stages): (1) initial spermatogenesis, (2) maturity, (3) spawning, 

(4) onset of the rest, and (5) resting.
Monthly variations of maturation stages showed that H. princeps has an annual

reproductive cycle with a long period of gonadal activity. The spawning season 
comprised from November to March (females) and from December to March 
(males) with activity peaks in January. From March to October (females) and May 
to June (males) reproduction resting occurred.

Reproductive events were related to high chlorophyll a concentrations due to 
the upwelling processes resulting from the predominant winds and to the relatively 
cooler temperatures proper to the winter (November–March) season at Puerto 
Ángel, Oaxaca, Mexico.
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