
INTRODUCTION

The camel (Camelus dromedarius, one-humped camel, 

Arabian camel, or dromedary) is an essential livestock 

species uniquely adapted to hot and arid environments. 

Camel is a multipurpose animal with high productivity 

of meat and milk even when it is fed on a diet with high 

fibers and low nutritional value. The dairy type of drom-

edary has a unique potential for milk production and may 

have higher production capability than other domestic 

animals. Milk production of dromedaries varies from 

1000 kg to 9000 kg per lactation period (Köhler-Rollefson, 

1993). Camels also produce fibers of good qualities; for 

example, camels’ hides were found to be 20% superior in 

durability and tanning qualities than cattle hides. Meat 

yield at slaughter varies from 32% to 40% depending on 

the sex and age of the animals (Tibary and Anouassi, 

1997). Camels are also used for transportation, racing, 
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and as draft animals in agriculture. Therefore, dromedary 

camels play a significant role in the economy for mil-

lions of people living in the arid part of the world. Full 

exploitation of production of camel milk and meat is only 

possible when the reproductive performance is improved. 

However, the reproductive efficiency in camelids is low 

partly due to the late onset of puberty, early embryonic 

mortality, seasonality, and the length of the gestation pe-

riod (13 months). Although recent reproductive technolo-

gies such as in vitro fertilization (IVF) (Khatir et al., 2004, 

2005, 2009; Moawad, 2005; Khatir and Anouassi, 2006; 

Wani, 2009; Wani et al., 2010; Moawad et al., 2012a; Fa-

thi et al., 2014; Fathi and El-Shahat, 2017; Fathi et al., 

2018) and somatic cell nuclear transfer (SCNT) (Wani et 

al., 2010) have been successfully applied to camelids and 

birth of live offspring following these technologies has 

been reported (Khatir and Anouassi, 2006; Wani et al., 

2010), in vitro embryo production (IVP) is still not well-

developed in this species compared with other domestic 

species. In many species such as cattle, in vitro oocyte 

maturation (IVM), and subsequent embryo production 

is commonly applied and gaining popularity. In 2011, 

approximately 38% of the world’s bovine embryos were 

produced by in vitro technology (Stroud, 2012). The de-

velopment of an IVP system for dromedary camels may be 

a useful tool for the genetic improvement of this species. 

IVP in farm animals includes three main steps; IVM of an 

oocyte, IVF of a matured oocyte, and in vitro culture (IVC) 

of fertilized oocyte up to the blastocyst stage. Each step 

in this procedure is critical to obtain viable embryos that 

can establish pregnancy and produce healthy offspring 

after transfer to surrogate mother. Successful IVF has 

three main components, oocytes capable to be fertilized, 

spermatozoa capable to penetrate and fertilize the oocyte 

and in vitro conditions which facilitates the full expres-

sion of these capabilities (Brackett and Zuelkea, 1993). 

This review aims to summarize various factors that influ-

ence oocyte quality, IVM, and in vitro embryo develop-

ment in dromedary camel.

HISTORY OF IVP

IVM was first reported by (Pincus and Enzmann, 1935). 

They made several observations about the spontaneous 

nature of meiosis when rabbit ova were removed from 

antral follicles. They carefully described events such as 

germinal vesicle breakdown (GVBD) and metaphase-II 

(MII) formation during in vivo oocyte maturation. They 

noted that these events could be copied in vitro, with-

out the need for hormone supplementations (Pincus and 

Enzmann, 1935). In farm animals, one of the earliest at-

tempts for doing IVF of artificially matured oocytes was 

reported in cattle in 1970 (Sreenan, 1970). A few years lat-

er, the birth of the first calf from IVF of ovulated oocytes 

was reported (Brackett et al., 1982). Since then, many 

studies have been carried out to develop this technique 

in farm animals because of its potential applications to 

animal production. In buffalo, the birth of the first IVF 

calf was reported in 1991 (Madan et al., 1991). In small 

ruminants, the first kid born from IVF of ovulated oocytes 

was published in 1985 (Hanada, 1985) and the first lamb 

in 1986 by Cheng and colleagues (Cheng et al., 1986). In 

equine, the birth of the first foal produced by IVF was 

documented in France in 1991 by Palmer et al. (Palmer 

et al., 1991). In porcine, the birth of IVF piglets was re-

ported in 1993 by Yoshida et al. (Yoshida et al., 1993). In 

camelids, the first successful IVM of oocytes and IVF were 

achieved in the llama in 1992 and 1994, respectively (Del 

Campo et al., 1992; Del Campo et al., 1994a; Del Campo 

et al., 1994b). To date the birth of a llama or alpaca from 

the transfer of IVF embryos has not been documented 

(Trasorras et al., 2017). Bou and colleagues have reported 

a preliminary study on IVF of bacterin camel oocytes in 

1993 (Bou et al., 1993). In 2006, the birth of live offspring 

from IVM/IVF and IVC of dromedary camel oocytes had 

been reported by Khatir and Anouassi (Khatir and An-

ouassi, 2006). Despite the studies that have been done on 

IVP in the past 30 years in different species, the results 

obtained are still inconsistent. For example, in cattle, de-

spite the high rates of oocyte IVM (approximately 90%) 

and IVF (about 80%), blastocyst development rates are 

only 30% to 40% reviewed by (Lonergan and Fair, 2014). 

In pigs, IVP still presents problems such as polyspermic 

fertilization and low blastocyst formation rates reviewed 

by (Grupen, 2014). In goats and sheep, there are rela-

tively few studies on IVP, but the percentage of blasto-

cysts produced from IVM/IVF/IVC ranges from 20% to 

30% reviewed by (Paramio and Izquierdo, 2016). In cam-

elids, limited success has been achieved utilizing in vitro 

technologies, and the percentages of blastocysts ranged 

from 0% to 35% in both llama and dromedary camels (Del 

Campo et al., 1994b; Khatir et al., 2004, 2005; Moawad, 
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2005; Khatir and Anouassi, 2006; Wani, 2009; Moawad et 

al., 2012a; Fathi et al., 2014; Fathi and El-Shahat, 2017; 

Fathi et al., 2018).

OOCYTE MATURATION 

Oocyte maturation, whether in vivo or in vitro, is one of 

the most critical steps of embryo development. Oocyte, 

in most mammals, entered the initial phases of meiosis 

and stopped at prophase I during embryogenesis. Before 

restoring meiosis-I, the oocyte is 2n (Lonergan and Fair, 

2016). After that, it arrests at the metaphase-II stage, 

which characterized by the production of the first polar 

body, and oocyte now has DNA pair of 1n. After fertiliza-

tion, there is a production of the second polar body, and 

an embryo becomes diploid (2n). In vivo, resumption of 

meiosis is initiated by a preovulatory luteinizing hormone 

(LH) surge. During the period between the LH surge and 

ovulation, the oocytes undergo nuclear and cytoplasmic 

maturation.

Nuclear maturation is a sequence of nuclear modifi-

cations that occur during recovery and progression of 

meiosis, resulting in haploid chromosome complements 

(Marteil et al., 2009). It lasts for 24 h in cattle and sheep, 

44 h in pigs, and 36 h in horses and dromedary camels. 

Cytoplasmic maturation involves the ability of oocytes to 

block polyspermy, decondense penetrated spermatozoa, 

and form pronuclei after fertilization. Also, it requires the 

redistribution of organelles and the accumulation of gran-

ules along the oolemma (van den Hurk and Zhao, 2005). 

The changes associated with these steps for in vivo matu-

ration can be replicated in vitro by collecting the oocytes 

from ovarian follicles of living or slaughtered animals and 

subjected them to an environment to complete the matu-

ration process in a laboratory dish. Appropriate selec-

tion of oocyte in the laboratory is critical for successful 

embryo production. The presence of intact cumulus cell 

layers surrounding the oocyte and a homogenous looking 

cytoplasm have been the best indicators of the quality of 

immature oocytes and their ability to undergo maturation 

and embryonic development. Despite numerous advances 

in IVM procedures in different species, oocyte maturation 

rates are still low in many species include camelids. Vari-

ous factors include, oocyte quality, follicular size, type 

of culture media, media supplements, methods of oocyte 

retrieval, temperature, and maturation time have been 

identified to play a crucial role in oocyte development 

in vitro in cattle. However, no comprehensive review ad-

dresses the influence of these factors on oocyte quality 

and IVM in dromedary camel has been published. There-

fore, identifying the factors that affect dromedary camel 

oocyte maturation and in vitro development is important 

to improve the IVP in this species. 

FACTORS AFFECTING OOCYTE QUALITY 
AND IVM IN DROMEDARY CAMEL

Sources of oocytes
The mammalian oocyte is the cornerstone for a wide 

range of recent reproductive technologies such as IVP, 

preservation of genetic diversity, generation of high-

value products through transgenesis, and cell therapies 

through the stem cell approach. The increasing demand 

for mature oocytes can be covered by an abundant source 

of oocytes (Motlík et al., 2000). Oocytes can be collected 

either in vivo from live animals or in vitro after ovarian 

ablation from slaughtered animal or after ovariectomy.

1) In vivo methods for oocyte recovery

Two ways are commonly used for the collection of oo-

cytes from live animals, namely, surgically or by transvag-

inal ultrasound-guided aspiration (ovum pick up; OPU). 

Both methods have been used for retrieval of oocytes in 

camelids (Tibary and Anouassi, 1997; Brogliatti et al., 

2000; Tinson et al., 2001; Sansinena et al., 2003; Ratto et 

al., 2007; Sansinena et al., 2007; Trasorras et al., 2009; 

Berland et al., 2011; Tibary et al., 2015). However, surgi-

cal collection of oocytes has some drawbacks; for exam-

ple, the oocytes are usually in an advanced stage of matu-

ration, primarily if the technique was performed 12 h to 

24 h after induction of ovulation with human chorionic 

gonadotropin (hCG). Furthermore, the follicles become 

fragile and easy to bleed, resulting in low oocyte recovery 

rates (Tibary and Anouassi, 1997). In addition to these 

drawbacks, the surgical method takes time to complete, 

for example, in dromedary camel, surgical aspiration 

takes around 30 min for a single ovary compared to 8-10 

min for both ovaries in case of OPU (Tinson et al., 2001). 

Furthermore, Tinson et al. (2001) showed that using a 

surgical technique for the collection of camel oocytes re-

sulted in a higher recovery rate (59.6%) than non-surgical 

one (29%). In another study done by Wani and Skidmore 



J Anim Reprod Biotechnol    Vol. 35, No. 2, June 2020

122

in 2010, it has been shown that collection of dromedary 

camel oocytes by OPU resulted in aspiration of an aver-

age of 12.12 ± 7.9 cumulus-oocyte complexes (COCs) per 

animal with 77% recovered oocytes per aspirated follicles 

(Wani and Skidmore, 2010). More than 90% of collected 

COCs were surrounded by loose and expanded cumulus 

cells (Wani and Skidmore, 2010). In the same study, the 

authors evaluated the maturation rates of collected oo-

cytes. They found that the proportions of matured oocytes 

obtained at 28-29 h (91.2 ± 4.1), and 26-27 h (82.1 ± 

3.4) were significantly higher when compared with those 

obtained at 24-25 h (40.4 ± 16.3) after gonadotropin-

releasing hormone (GnRH) administration (Wani and 

Skidmore, 2010). In llamas, surgical retrieval of oocytes 

through flank laparotomy resulted in an 80% recovery rate 

which was the highest of any technique (Sansinena et 

al., 2007). However, it has been reported that collection 

of oocytes through laparoscopic OPU is safer with rela-

tively similar recovery rates (Bou et al., 1993; Tibary et al., 

2007). Transvaginal ultrasound-guided aspiration is a rel-

atively noninvasive, repeatable procedure, but it has the 

lowest recovery rates ranging from 30% to 75% and may 

be physically impossible in animals of smaller stature, 

limiting the use of this technique in alpacas (Brogliatti et 

al., 2000; Tibary et al., 2005; Tibary et al., 2007). 

2) Oocyte recovery from slaughtered animals 

The traditional source of oocytes for IVP is slaughter-

house ovaries. Four methods have been described for 

collection of oocytes from domestic animals after slaugh-

ter include dissection of ovarian follicles, aspiration of 

ovarian follicles, slicing of the ovaries and puncture of 

visible surface follicles (Lonergan et al., 1991; Martino et 

al., 1994; Pawshe et al., 1994; Jain et al., 1995; Kumar 

et al., 1997). It has been reported that slicing of llama’

s ovaries yielded a higher number of oocytes than fol-

licular aspiration (27 vs. 6.4 oocytes/llama) (Del Campo 

et al., 1992; Del Campo et al., 1994b). Another study re-

ported that 1324 COCs could be collected by cutting the 

surface of llamas’ ovaries (46 llamas) with a razor blade 

(Del Campo et al., 1994a; Del Campo et al., 1995). It is 

well known that follicular aspiration considered the most 

suitable method for oocyte retrieval in dromedary camels. 

This is mainly due to ovarian slicing results in excessive 

release of blood from hemorrhagic follicles into the col-

lection medium (Purohit et al., 1999). Moreover, the ap-

parent protrusion of ovarian follicles on the surface of 

camel ovaries as spherical, discrete, thick-walled struc-

tures (El-Wishy and Hemeida, 1984; Arthur et al., 1985) 

favored the aspiration method. Previous studies showed 

that the collection of dromedary camel oocytes by follicu-

lar aspiration resulted in higher oocyte recovery rates (4.0 

oocytes/ovary) than those recovered by follicle dissection 

or by ovarian slicing (2.3 and 0.7 oocytes/ovary, respec-

tively) (Purohit et al., 1999). However, in another study 

slicing of dromedary camel ovaries yielded 5.9 COCs per 

ovary (Ghoneim, 1999) which was similar to what has 

been reported by Mahmoud et al. in 2003 after aspiration 

of dromedary camel ovarian follicles (5.3 oocytes/ovary) 

(Mahmoud et al., 2003). In the latter study, the recovered 

oocytes were classified according to their quality into 

COCs (29.27%), partial oocytes complex (POC, 32.90%), 

denuded oocytes (DO, 32.61%) and degenerated oocytes 

(5.21%) (Mahmoud et al., 2003). In 2001, Abdoon reported 

that slicing of dromedary camel ovaries increased the 

oocytes yield as compared to follicular aspiration (10.8 

vs. 8.7 oocytes/ovary) (Abdoon, 2001). In the same study, 

the author showed that aspiration of ovarian follicles by a 

20-gauge needle improved oocyte yield and quality than 

those aspirated by 19-gauge or by 18-gauge needles (Ab-

doon, 2001). Nowshari (2005) compared three methods 

for harvesting dromedary camel oocytes namely; follicle 

aspiration with 18-G needle attached to a disposable sy-

ringe (method I); follicle aspiration with a needle attached 

to a constant aspirating pressure (100 mm Hg) applied to 

vacuum pump (method II) and follicle dissection (method 

III) on oocyte recovery rates. They reported higher oo-

cyte recovery rates in the method III (482/513; 94%) than 

those in the method I (341/1041; 31%) and method II 

(249/807; 33%) (Nowshari, 2005). Also, higher proportions 

of entirely or partially denuded oocytes were noticed in 

the method I (31%) and II (15%) than in method III (1%) 

(Nowshari, 2005). Furthermore, the author reported that 

IVM rates were higher in oocytes collected by methods II 

and III than those obtained by the method I (50% and 49% 

vs. 39%) (Nowshari, 2005). Khatir et al. (2004) retrieved a 

total of 1598 COCs from 457 slaughtered camel ovaries 

(average of 3.5 oocytes/ovary) using aspiration method. 

Eighteen percent (290/1598) were judged to be unsuitable 

for IVM and were discarded due to degenerated/frag-

mented cytoplasm and absence of cumulus cells (Khatir et 

al., 2004). In our studies, we were able to collect 2294 oo-
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cytes from 995 dromedary camel ovaries (an average of 2.3 

oocytes/ovary). We also found that 92.2% of those oocytes 

were arbitrated as suitable for IVM (Moawad, 2005). 

Effect of reproductive status of female dromedary 

camel
Camels are induced ovulators, like cats and rabbits, and, 

therefore, regularly only ovulate in response to the stimu-

lus of mating (El-Wishy, 1987). In the mated animal, ovu-

lation is detected by the rapid disappearance of a mature 

follicle within 28-36 h of mating. The corpus luteum (CL) 

that develops can be identified by ultrasonography on 

Days 4-5 post-mating and reaches maximum size on Days 

8-9 (El-Wishy, 1987). It subsequently regresses on Days 

9-12 if there is no conceptus in the uterus, which means 

that in comparison with other species, camels have a 

relatively short luteal lifespan in the absence of pregnancy 

(Marie and Anouassi, 1986; Skidmore et al., 1995). In oth-

er words, the CL can only be seen during pregnancy (El-

Wishy et al., 1981). Many authors have studied the effects 

of reproductive status (pregnant vs. non-pregnant) on 

oocyte quality and IVM in dromedary camel. For example, 

a lower number of oocytes per ovary was collected from 

pregnant camels than those obtained from non-pregnant 

female dromedaries (10.6 vs. 4.4 oocytes/ovary, respec-

tively) (Ghoneim, 1999). Similarly, another study reported 

a lower recovery rate from the ovaries of pregnant female 

dromedary (6.8 oocytes/ovary) than those collected from 

the ovaries of non-pregnant females (10.5 oocytes/ovary) 

(Abdoon, 2001). In the same study, the author also dem-

onstrated that the number of category I oocytes (oocytes 

with 2-4 layers of cumulus cells) was significantly lower 

in the ovaries of pregnant females than those of non-

pregnant ones (5.65 vs. 9.13 oocytes/ovary) (Abdoon, 

2001). These observations could be explained based on 

ovaries collected from pregnant females have lower num-

bers of follicles per ovary (14.4 follicles/ovary) compared 

to the ovaries obtained from non-pregnant females (18.9 

follicles/ovary) (Abdoon, 2001). Torner and his colleagues 

in 2003 were able to recover a total number of 1032 COCs 

from the ovaries of 47 pregnant and 43 non-pregnant 

slaughtered dromedary females by using slicing method 

with recovery rates of 10.3 COCs/ovary in pregnant and 

12.5 COCs/ovary in non-pregnant donors (Torner et al., 

2003). They divided the retrieved oocytes into oocytes 

with compact (26.9% and 28%), dispersed (39.3% and 

46%), corona radiata (27.9% and 21.7%) cumulus invest-

ments and without cumulus cells (6% and 4.2 %) for preg-

nant and non-pregnant donors, respectively (Torner et al., 

2003). Similarly, we noticed that the number of oocytes 

collected from the ovaries of pregnant (ovaries with CL; 

Fig. 1A) female dromedary camels was significantly lower 

(1.3 oocytes/ovary) than those obtained from the ovaries 

non-pregnant females (2.6 oocytes/ovary, ovaries with-

out CL, Fig. 1B) (Moawad, 2005). Furthermore, we also 

noticed that the reproductive status of female dromedary 

affects the quality of retrieved oocytes as the percentage 

of oocytes selected for IVM were significantly lower in 

the group collected from the ovaries of pregnant animals 

than those recovered from non-pregnant ones (75.0% vs. 

84.6%) (Moawad, 2005). However, the numbers of degen-

erated oocytes were significantly higher in the ovaries of 

pregnant animals than those non-pregnant ones (25.0% 

vs. 15.4%) (Moawad, 2005). The reproductive status of fe-

male dromedary camel affects not only the numbers and 

the quality of the recovered oocytes, but it also influences 

the ability of those oocytes to resume meiosis in vitro. 

For example, a previous study showed that oocytes col-

lected from pregnant females exhibit MI stage at 24-32 

h and MII stage at 36-42 h post-IVM, however; oocytes 

retrieved from non-pregnant females show MI at 24 h and 

MII at 32-48 h post-IVM (Torner et al., 2003). Further-

A B

Fig. 1. Ovaries collected from drom-
edary camel females after slaughter. 
(A) Ovaries with CL obtained from a 
pregnant female. (B) Ovaries collected 
from a non-pregnant female modified 
from (Moawad, 2005).
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more, the same group reported that the level of apoptotic 

cells in cumuli of matured COCs increased during IVM, 

and it was higher in matured COCs from non-pregnant 

donors for each time point of IVM (Torner et al., 2003). 

Camel oocytes meiosis during IVM is accompanied by a 

drastic increase of apoptosis in the surrounding cumulus 

cells at 0-32 and 0-24 h post-IVM for pregnant and non-

pregnant donors, respectively (Torner et al., 2003). The 

same authors also reported that at 36 h post-IVM oocytes 

collected from pregnant females could achieve more than 

50% nuclear maturation rate. However, those obtained 

from non-pregnant females attain this percentage of 

nuclear maturation at 32 h post-IVM (Torner et al., 2003). 

In our studies, we found that the frequencies of matured 

dromedary camel oocytes (oocytes at MII stage) signifi-

cantly decreased in oocytes collected from pregnant ani-

mals than those retrieved from non-pregnant ones (25.0% 

vs. 43.7%) (Moawad, 2005).

Effect of the breeding season of the female 

dromedary camel
Dromedaries are considered seasonal breeders with a 

relatively short breeding season during the colder months 

when better pasture conditions prevail (Chen and Yuen, 

1979; Wilson, 1984). This observation was based mainly 

on the seasonal distribution of the birth of the calves, and 

the status of ovarian activity in slaughtered animals (No-

voa, 1970). The breeding season in camel occurs between 

December and April in Egypt (Shalash, 1965), December 

and March in Pakistan (Yasin and Wahid, 1957), and from 

November to April in most of Arabia (Abdel-Rahim and 

El-Nazier, 1990). Sghiri and Driancourt in 1999 have 

confirmed the influence of season on ovarian follicular 

growth and maturation in camels, and they showed that 

the proportion of females with active ovaries (i.e. with 

follicles >5 mm) increased from 73.5% in October/De-

cember to 89.0% in January/May (Sghiri and Driancourt, 

1999). Outside of the breeding season, mating activ-

ity stops, and the ovaries are inactive or show a limited 

number of small follicles with irregular or extended fol-

licular wave patterns (Musa and Abusineina, 1978). How-

ever, in Egypt, studies showed that the conception of 

female dromedary can occur at any time of the year (El-

Wishy and Ghoneim, 1986). In the United Arab Emirates 

and Saudi Arabia, studies indicated that well-fed females 

would exhibit limited ovarian activity throughout the 

summer. Still, the determinant factors of the observed 

seasonality in conception dates are due to a reduction in 

the libido of the male as environmental temperatures in-

crease and to the increase in early embryonic death dur-

ing the hot summer months (Arthur et al., 1985; Skidmore, 

2011). Therefore, it is understandable that the breeding 

season has an impact on oocyte yield, quality and IVM 

status in dromedary camel. In 2001, a study done by Ab-

doon in Egypt showed that the number of small (1-3 mm), 

medium (4-9 mm), large (≥ 10 mm), and the total number 

of camel ovarian follicles were significantly higher during 

the breeding season (December to April) than during non-

breeding season (June to October). Furthermore, the total 

number of recovered and category one oocytes was also 

higher during the breeding season (6.73 and 5.93 oocytes/

ovary, respectively) than a non-breeding season (5.40 and 

4.70 oocytes/ovary, respectively) (Abdoon, 2001). We also 

assessed the quality of dromedary camel oocytes collected 

during different months of the year (Moawad, 2005). We 

found that the recovery rates of oocytes were the lowest 

(0.78 oocytes/ovary) during August compared to those 

recovered during the rest of the year (values range from 

1.6-3.0 oocyte/ovary). Regarding the quality of oocytes, 

we noticed that the frequency of grade I oocytes (oocytes 

with more than three layers of cumulus cells, Fig. 2) was 

significantly higher during December (32.1%), January 

(36.0%) and February (38.4%) than during the rest of the 

year (10.4%-18.3%). Also, numbers of selected oocytes for 

Fig. 2. Dromedary camel cumulus-oocyte complex (COC) with 
granulated dark cytoplasm and surrounded by more than 3 lay-
ers of cumulus cells (Grade 1 COCs) modified from (Moawad, 
2005).
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IVM were the highest (100%) during November, Decem-

ber, January and February but these numbers decreased 

slightly between August and October (92.2% to 93.2%) 

and reached to the lowest values (75.0% to 89.6%) during 

March to July. Among the different months, the highest 

proportions of degenerated oocytes (25.0%) were seen 

in July (Moawad, 2005). We also evaluated the variation 

in IVM rates in relation to the month at which oocytes 

were collected and the results revealed that proportions 

of matured oocytes were significantly lower in the groups 

collected between April and August (values range from 

30.0% to 41.3%) than those collected between September 

and March (47.7%-58.7%, Fig. 3 and Fig. 4A, B). When 

we grouped the data according to the season of the year, 

we found that the frequencies of oocytes selected for 

IVM were significantly higher during winter and autumn 

(100.0% and 95.9%, respectively) than during summer and 

spring (82.2% and 80.6%, respectively). Furthermore, IVM 

rates were higher in winter and autumn (54.7% and 50.6%, 

respectively) than in summer and spring (38.6% and 

38.2%, respectively, Fig. 5). 

Effect of post-slaughter ovarian storage time
For in vitro production of domestic animal embryos, 

most laboratories use oocytes collected from a slaugh-

terhouse, long transport time from the slaughterhouse to 

the laboratory before culture may adversely affect oocyte 

quality in terms of nuclear maturation and developmental 

competence after IVM/IVF (Shioya et al., 1988; Johnston 

et al., 1989; Moodie and Graham, 1989; Yang et al., 1990; 

Solano et al., 1994; Schernthaner et al., 1997; Guignot 

et al., 1999; Yuge et al., 2003; Wongsrikeao et al., 2005; 

Tellado et al., 2014). In cattle, ovary storage at 37oC for 

8 h significantly decreased cleavage and blastocyst rates 

after IVM/IVF/IVC (Yang et al., 1990) and similar results 

obtained when the ovaries stored at 4oC for 12 h or 24 

A B

Fig. 4. Dromedary camel oocytes fol-
lowing IVM. (A) IVM oocytes showing 
an expansion of cumulus cells. (B) IVM 
oocytes with a first polar body (black 
arrow) modified from (Moawad, 2005).
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Fig. 3. Effects of the month of the year on IVM rates of dromedary 
camel COCs. Data are presented as mean ± SEM. 33-72 oocytes 
were examined in each experimental group. Different small let-
ters above columns indicate significant differences (p < 0.05) 
by one-way ANOVA.
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cytes were examined in each experimental group. Different small 
letters above columns indicate significant differences (p < 0.05) 
by one-way ANOVA.
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h (Solano et al., 1994). However, another study dem-

onstrated that the storage of bovine ovaries at 15-21oC 

for 24 h did not significantly affect oocyte maturation, 

cleavage, and blastocyst production rates (Schernthaner 

et al., 1997). In horses, a previous study showed that the 

storage of mare ovaries at 27oC to 37oC for 6-8 h did not 

harmfully affect nuclear maturation and cytoplasmic 

membrane integrity of the oocytes (Guignot et al., 1999). 

Though, another study revealed that the storage of mare 

ovaries at room temperature for 15-18 h resulted in lower 

maturation rates (27%) as compared to the control groups 

in which oocytes recovered immediately after slaughter 

(72%) (Love et al., 2003). In sheep, when ovaries stored 

at temperatures of 4oC, 22oC or 37oC, oocyte maturation 

rates decreased with increasing storage time after slaugh-

ter, but the oocytes from ovaries stored at 22oC showed 

a higher maturation rate than oocytes stored at the dif-

ferent temperatures (Moodie and Graham, 1989). In pigs, 

storage of the ovaries at 35oC for 6, 9, and 12 h decreased 

IVM rates and increased the proportions of oocytes with 

DNA damage (Wongsrikeao et al., 2005). However, a re-

cent study concluded that the transportation of porcine 

ovaries at 25oC and 35oC for 2 h are the best conditions to 

maintain adequate oocyte quality, meiotic competence, 

and IVF rates (Tellado et al., 2014). In buffaloes, a previ-

ous study showed that the storage of ovaries at 4oC for 4 

and 8 h significantly reduced the quality of oocytes (Ra-

vindranatha et al., 2003). In dromedary camels, we no-

ticed that the storage of ovaries at 25-30oC for 4 h post-

slaughter did not significantly affect oocyte recovery rates 

and proportions of oocytes selected for IVM as compared 

to those stored for 0-30 min. However, the maturation 

rate tended to be higher for oocytes collected immediately 

at 0-30 min post-slaughter (58.9%) than those obtained 

at 2-3 hours (47.7%) or 3-4 hours (47.6%) post-slaughter 

(Moawad, 2005). Another study showed that the preserva-

tion of dromedary camel ovaries at 25-30oC for 5 h result-

ed in a recovery rate of 12.4 oocytes/ovary, and this value 

decreased to 7.1 oocytes/ovary by increasing the time of 

ovarian storage to 24 h (Abdel-Khalek et al., 2010). Fur-

thermore, the highest proportion of good quality oocytes 

with compact cumulus cells (65%) was reported at 5 h 

preservation time than those stored at 6, 7, 9, 12 and 24 

h (54.0%, 50.4%, 48.5%, 42.1% and 34. 0%, respectively) 

(Abdel-Khalek et al., 2010). Taken together, it seems that 

preservation of dromedary camel ovaries at 25-30oC for 

4-5 h did not negatively impact oocyte quality and IVM 

rates. 

Effect of IVM media 
The type of IVM medium and its supplements play a 

crucial role in maturation status and subsequent embryo 

development after IVF (Rose and Bavister, 1992). IVM 

media are categorized into simple and complex media. 

Simple media are usually bicarbonate buffered systems 

that contain physiological saline with pyruvate, lactate, 

and glucose, and they differ in their ion and energy 

source concentrations. Complex media include in addi-

tion to the essential components of simple media, amino 

acids, vitamins, and purines. Various media have been 

developed for IVM of oocytes in different mammalian 

species. These media include TCM-199 (Rose and Bav-

ister, 1992; Ghoneim, 1999; Kafi et al., 2002; Mahmoud 

et al., 2003; Torner et al., 2003; Khatir et al., 2004, 2005; 

Moawad, 2005; Khatir and Anouassi, 2006; Wani, 2009; 

Wani et al., 2010; Moawad et al., 2011; Moawad et al., 

2012a; Moawad et al., 2012b; Fathi and El-Shahat, 2017; 

Fathi et al., 2018), minimum essential medium (MEM) 

(Ravindranatha et al., 2001), and Ham’s F-10 (Totey et 

al., 1993; Moawad, 2005; Tamilmani et al., 2005; Zeidan 

et al., 2011). In most IVF laboratories, TCM-199 is con-

sidered the most common medium used for IVM; this is 

because TCM-199 contains some factors in its composi-

tion such as essential amino acids and glutamine that 

stimulate DNA and RNA synthesis and improve cell divi-

sion (Pawshe et al., 1994). Previous studies showed that 

maturation of bovine oocytes in SFRE, TCM-199, and 

MEM essential media significantly improved 2-cell em-

bryo development (72-82%) after IVF than those matured 

in Waymouth and Ham’s F-12 media (50.0% and 35.0%, 

respectively) (Bavister et al., 1992). Till now, the matura-

tion conditions used in IVM of dromedary camel oocytes 

have been adopted from those used in other domestic 

species; however, the species differences can influence 

the maturation outcomes (Edwards, 1965). TCM-199 and 

Ham’s F-10 were previously used for oocyte maturation 

in dromedary camels (Ghoneim, 1999; Kafi et al., 2002; 

Mahmoud et al., 2003; Torner et al., 2003; Khatir et al., 

2004; Moawad, 2005; Wani and Wernery, 2010; Moawad 

et al., 2012a; Fathi et al., 2014; Fathi et al., 2018). Few 

studies have compared the effect of different maturation 

media on IVM rates in dromedary camels. We examined 
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the impact of using TCM-199 or Ham’s F-10 as matura-

tion media on IVM rates of dromedary camel oocyte, and 

we did not find a significant effect on the frequencies of 

matured oocytes (45.2% vs. 40.3%, respectively) (Moawad, 

2005). Previous studies showed that IVM of camel oocytes 

in TCM-199 medium resulted in a higher maturation rate 

(61%) than those matured in CMRL (50%) or CR1 (47%) 

media (Nowshari, 2005). A recent study demonstrated that 

IVM of dromedary camel oocytes during the breeding sea-

son in TCM-199 or Hank’s media significantly increased 

the proportions of matured oocytes (68.2% and 62.5%, 

respectively) compared to those cultured in basal me-

dium (52.6%) or Ham’s-F10 (53.6%) (Zeidan et al., 2011). 

However, during the non-breeding season, the highest 

IVM rates were achieved in Ham’s-F10 (51.7%) than those 

reported in the other media (values ranged from 20.0% to 

44.4%) (Zeidan et al., 2011). In conclusion, these results 

confirm the critical impact of the type of maturation me-

dia on the success rates of IVM in dromedary camel. 

Effect of media supplements
The components of maturation media and culture con-

ditions can affect and even modulate the meiotic regula-

tion of mammalian oocytes (Kito et al., 1997; Kito and 

Bavister, 1997). Culture conditions for IVM in domestic 

species have been improved in recent years, such that 

nowadays, a large percentage of oocytes complete nuclear 

maturation (Lonergan and Fair, 2016). Various supple-

ments such as serums, follicular fluid (FF), hormones, 

epidermal growth factors (EGF), antioxidants, caffeine, L-

carnitine (LC), retinoic acid (RA), and others have been 

successfully used during IVM to improve the outcomes of 

IVP in different species including dromedary camel. 

1) Effect of serum 

Different protein sources such as serum and bovine 

serum albumin (BSA) have been incorporated in culture 

media, besides having nutritive value, the serum has 

many other support functions for oocyte maturation 

and embryo development. For example, it prevents the 

hardening of zona pellucida (ZP), which could adversely 

impact fertilization (Downs et al., 1986). Fetuin, a signifi-

cant glycoprotein component of fetal calf serum (FCS), 

can prevent the hardening of ZP by blocking the action 

of proteolytic enzymes arising from premature release of 

cortical granules and subsequent improve the fertiliza-

tion outcomes (Schroeder et al., 1990). Furthermore, the 

serum also has antioxidant effects, and this occurs by 

reducing the formation of superoxide (Kan and Yamane, 

1983). Moreover, the serum is considered a source of al-

bumin, which is essential in regulating the osmolality of 

the media (Thompson, 2000). Various studies examined 

the effects of type of the serum during IVM on oocyte 

maturation and embryo development in different species, 

including dromedary camels. For example, we noticed 

that the inclusion of 10% of either FCS, newborn calf se-

rum (NBCS), or non-pregnant camel serum (NPCS) during 

camel IVM improved nuclear maturation than those ma-

tured in serum-free media (Fig. 6) (Moawad, 2005). How-

ever, a previous report showed that maturation of camel 

oocytes in IVM media supplemented with either 10% 

FCS or 10% pregnant camel serum (PCS) did not affect 

maturation rates (Mahmoud et al., 2003). Another study 

reported similar IVM rates (nearly 72%) for camel oocytes 

matured in IVM media supplemented with either FCS, es-

trus dromedary serum (EDS), and BSA (Wani and Wernery, 

2010). A comparison between the effect of supplementa-

tion of IVM media with 10% FBS or with 10% camel FF on 

cumulus expansion and nuclear maturation of dromedary 

camel oocytes has been recently reported (Yaqoob et al., 

2017). The results showed that FF supplementation im-

proved cumulus expansion (grade 2, all COCs were com-

pletely expanded) and showed a widening of the intercel-
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lular spaces among cumulus cells when compared with 

FBS. However, there were no differences in polar body 

extrusion rates, embryo cleavage, and subsequent embryo 

development (Yaqoob et al., 2017). These results were 

explained based on FF contains several undefined growth 

factors affecting cumulus cell function (Daen et al., 1994; 

Yaqoob et al., 2017).

2) Effect of hormones 

Various hormones such as follicle-stimulating hormone 

(FSH), LH, and estradiol (E2) have been included during 

IVM to improve oocyte maturation rates and subsequent 

embryo development in different mammalian species 

(Moor and Trounson, 1977; Fukushima and Fukui, 1985; 

Zuelke and Brackett, 1990; Totey et al., 1992; O’Brien et 

al., 1994; Nagai et al., 2000). Gonadotropins (FSH and LH) 

stimulate cumulus cells to synthesize molecules capable 

of initiating GVBD (Tsafriri et al., 2005). Furthermore, 

FSH is the primary hormone responsible for cumulus cell 

expansion and subsequent improvement in sperm pen-

etration and fertilization process (Eppig, 1979a, 1979b; 

Pandey et al., 2010). A previous study demonstrated that 

LH could change calcium distribution within the ooplasm 

and subsequently can promote glycolysis, combined with 

high levels of mitochondrial glucose oxidation within 

bovine COCs (Bevers et al., 1997). It was also evident that 

exposure of oocytes to LH during IVM increased gluta-

mine metabolism (Abd EL-Aziz et al., 2016). On the other 

hand, other reports showed no positive effect of LH sup-

plementation to IVM media on bovine embryo develop-

ment (Keefer et al., 1991). Studies revealed that mRNA of 

the LH receptors was detected exclusively in thecal cells 

and not in the oocyte confirming the later results (Bevers 

et al., 1997). E2 is known to improve the completion of 

maturational changes and also to support the synthesis 

of presumed male pronuclear growth factor (Fukui and 

Ono, 1989). Addition of LH or FSH to bovine IVM medium 

contains E2 increased the proportion of matured oocytes 

to reach to 4-8 cell stages after IVF (20.0% for LH/E2 and 

15.4% for FSH/E2) when compared to the control group 

without hormone supplementation (5.7%) or with those 

supplemented with E2 alone (6.7%) (Younis et al., 1989). 

Supplementation of IVM medium with FSH or with equine 

chorionic gonadotropin (eCG) significantly increased 

cleavage and blastocyst rates in buffalo oocytes when 

compared with the control group (Abdoon et al., 2001). In 

dromedary camel, we found that supplementation of IVM 

medium with FSH and LH at a concentration of 10 µg/

mL each significantly increased IVM rates as compared to 

those matured in a medium supplemented with LH only at 

150 µg/mL (51.0% vs. 26.2%) (Moawad, 2005). 

EGF is known to promote oocyte nuclear maturation 

rates in different mammalian species (Dekel and Sheri-

zly, 1985; Das et al., 1992; Goud et al., 1998; Rieger et 

al., 1998; Shimada et al., 2006; Chen and Downs, 2008; 

Akaki et al., 2009; Ben-Ami et al., 2011; Richani et al., 

2013). EGF induces its action by disrupting the commu-

nication between the oocyte and the surrounding cumu-

lus cells (Dekel and Sherizly, 1985), creating a positive 

maturational signal (Downs, 1989) and affecting tyrosine 

kinase-dependent intracellular mechanism (Lorenzo et 

al., 2001). EGF induces oocyte maturation in explanted 

whole follicles (Dekel and Sherizly, 1985), and isolated 

COCs meiotically arrested by cAMP modulators (Downs et 

al., 1988). FSH-induced oocyte meiotic resumption and 

cumulus expansion in vitro are mediated by the EGF-like 

peptides (Procházka et al., 2011). Exposure of COCs to 

high levels of cAMP, a downstream effector of FSH, also 

induces meiotic resumption by upregulation of EGF-like 

peptides (Shimada et al., 2006). Previous study revealed 

that supplementation of IVM media with 20 ng/mL EGF 

improved nuclear maturation rates of dromedary oocytes 

compared with those matured in medium supplemented 

with 10 ng/mL and 0 ng/mL EGF (81.4% vs. 66.9% and 

67.2%, respectively) (Wani and Wernery, 2010). A recent 

study was done also in dromedary camels has confirmed 

these findings and reported 87.9% maturation rates in 20 

ng/mL EGF supplemented group compared to 77.9% in 

EGF non-supplemented group (Hemeida et al., 2015). 

3) Caffeine

Caffeine (1,3,7-trimethylxanthine), a phosphodiesterase 

inhibitor, has been reported to induce dephosphorylation 

of Y-15 and T14 of p34cdc2. This effect occurs by inhibi-

tion of Myt1/Wee1 kinase (Smythe and Newport, 1992). 

The effect produced by caffeine results in an increase in 

the activity of MPF in cultured mammalian cells, Xeno-

pus, and porcine oocytes (Steinmann et al., 1991; Smythe 

and Newport, 1992; Kikuchi et al., 2000; Xia et al., 2000). 

In sheep, previous studies showed that treatment of IVM 

oocytes with caffeine increased the activities of both MPF 

and MAPK, improved frequencies of nuclear envelope 
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breakdown and chromosome condensation of transferred 

nuclei, increased total cell numbers, and reduced the rate 

of apoptotic nuclei in blastocysts produced by SCNT (Lee 

and Campbell, 2006; Choi and Campbell, 2010; Moawad 

et al., 2018). Moreover, in aged denuded ovine oocytes, 

caffeine treatment increased the blastocyst development 

rates and decreased the frequency of polyspermy follow-

ing IVF (Maalouf et al., 2009). A recent study showed that 

culturing dromedary camel oocytes in IVM medium with-

out caffeine for 24 hours and then in a medium supple-

mented with 10 mM caffeine for 6 hours during 30 hour 

IVM significantly improved maturation, fertilization, and 

preimplantation embryo development rates (Fathi et al., 

2014). These findings are crucial for the refinement of 

IVM conditions that subsequently can improve the effi-

ciency of IVP in camelids (Fathi et al., 2014).

4) L-carnitine (LC)

LC; β-hydroxy-γ-trimethylammonium-butyric acid, a 

small water-soluble molecule, is known to play an es-

sential role in fatty acid metabolism. This molecule is 

crucial for standard mitochondrial oxidative processing 

of fatty acids and the release of acyl-COA esters. Conse-

quently, it influences ATP levels in the cells (reviewed by 

[Dunning and Robker, 2012]). It also has an antioxidant 

activity to protect the cells from DNA damage (Abdelra-

zik et al., 2009). The beneficial effects of LC on embry-

onic development in culture have been reported in many 

mammalian species. In mice, supplementation of the 

IVM medium with LC improved spindle microtubule as-

sembly and chromosome alignment in MII oocytes, and 

it increased subsequent embryonic development through 

reduction of apoptosis (Mansour et al., 2009; Dunning et 

al., 2010; Moawad et al., 2013; Moawad et al., 2014). In 

cattle, LC promotes the relocation of active mitochon-

dria to the inner oocyte membrane and, thus, enhances 

preimplantation embryo development (Yamada et al., 

2006). Moreover, LC supplementation to IVC media im-

proved lipid metabolism in cattle embryos and increased 

the cryotolerance of blastocysts (Takahashi et al., 2013). 

In pigs, LC promotes nuclear maturation in oocytes and 

increases cleavage rates, which are associated with an 

enhancement in mitochondrial activity and a decrease in 

intracellular lipid contents and H2O2 levels (Somfai et al., 

2011). Recently in dromedary camel, it has been shown 

that supplementation of IVM medium with 0.5 mg/mL LC 

significantly improved nuclear maturation rates (74.7%) 

than those supplemented with 0.25 or 1.0 mg/mL LC 

(63.9% and 59.7%, respectively) and those in the control 

group (60.2%) (Fathi and El-Shahat, 2017). 

5) Retinoic acid (RA)

RA, a metabolite of vitamin A (retinol), incorporates in 

many functions related to vitamin A such as cell growth, 

development, and differentiation, and has been impli-

cated in reproductive processes including folliculogenesis 

and embryonic survival (Morriss-Kay and Ward, 1999). 

The critical role of RA during IVM has been extensively 

studied in many species include camels (Ikeda et al., 

2005; Atikuzzaman et al., 2011; Nasiri et al., 2011; Liang 

et al., 2012; Pu et al., 2014; Saadeldin et al., 2019). It has 

been shown that RA can promote cytoplasmic maturation 

through its modulatory effects on the expression of genes 

encoding gonadotrophin receptors, midkine, cyclooxy-

genase 2, and nitric oxide synthase in cumulus-granulosa 

cells (Ikeda et al., 2005; Liang et al., 2012). RA has also 

been reported to diminish apoptosis in COCs (Liang et al., 

2012; Pu et al., 2014); besides, RA may enhance cumulus 

expansion (Atikuzzaman et al., 2011). Moreover, RA acts 

as an antioxidant by reducing the levels of reactive oxy-

gen species and oxidative stress during oocyte maturation 

(Ikeda et al., 2005; Livingston et al., 2009). In dromedary 

camel, it has been shown that supplementation of IVM 

medium with 20 µM RA significantly reduced the propor-

tion of degenerated oocytes and significantly improved 

oocyte meiosis and first polar body extrusion compared 

to the control (0 µM) and other RA supplemented groups 

(10 and 40 µM) (Saadeldin et al., 2019). Furthermore, in 

the same study, the authors reported that RA significantly 

reduced the mRNA transcript levels of apoptosis-related 

genes, including BAX and P53, and reduced the BAX/BCL2 

ratio (Saadeldin et al., 2019). Besides, RA significantly de-

creased the expression of the transforming growth factor-

beta (TGFβ) pathway-related transcripts associated with 

the actin cytoskeleton, ACTA2, and TAGLN; however, RA 

increased TGFβ expression in cumulus cells (Saadeldin et 

al., 2019). These results highlight the beneficial effects of 

RA on camel oocyte IVM. 

Effects of cumulus cells and duration of IVM 
Intracellular communication between the cumulus cells 

and the oocyte is essential for numerous processes dur-
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ing oocyte maturation (Sutton et al., 2003). The cumulus 

cells are a sub-population of ovarian granulosa cells and 

comprised the corona radiata, which represented the lay-

ers closest to the oocyte and generally in close contact 

through cytoplasm extensions across the ZP and outer 

cumulus which communicates with the corona through 

gap junctions (de Loos et al., 1991). Cumulus cells pro-

vide nutrients to the oocytes during their growth; they 

also participate in the zona formation and in the synthe-

sis of proteins and hyaluronic acids, which are essential 

in the transportation of the sperm in the oviduct during 

the process of fertilization (Bedford and Kim, 1993). The 

positive effect of cumulus cells on oocyte maturation 

and development has been reported in cattle and other 

species (Konishi et al., 1996). In buffalo, the importance 

of the cumulus cells during oocyte maturation was con-

firmed when COCs were denuded off their surrounding 

cumulus cells and allowed them to grow in vitro, only 41% 

of such oocytes could reach to MII stage (Datta and Go-

swami, 1999). However, when these good quality but ar-

tificially denuded oocytes were cultured along with extra 

cumulus cells, the maturation rate increased to 70% (Datta 

and Goswami, 1999). The ultrastructural and morphologi-

cal characteristics of cultivable dromedary camel oocytes 

were studied by (Nili et al., 2004; Kafi et al., 2005). They 

recorded that the COC is a multi-layered investment of 

compact pale dark and semi-dark cells. Most cumulus 

cells are polygonal; however, some are round and elongat-

ed. The intercellular junctions between COCs are desmo-

some; cumulus cell projections were observed throughout 

ZP and ended in the invagination of the oolemma (Nili 

et al., 2004; Kafi et al., 2005). Previous studies showed 

that, most of camel oocytes with compact (55.0%-56.5%) 

and dispersed (58.4%-60.0%) cumulus were immature at 

diplotene stage at the time of recovery, and both COC 

types contains a similar proportion of immature oocytes 

(Torner et al., 2003). In our studies, we noticed that IVM 

of dromedary camel oocytes in the presence of cumulus 

cells significantly increased the maturation rate (60.3%) as 

compared with those matured in the absence of cumulus 

cells (denuded oocytes) (38.2%) (Moawad, 2005). 

Regarding the duration required for IVM, in llamas, pre-

vious studies showed that at the time of oocyte recovery, 

41.6% of the recovered oocytes were immature, i.e., at 

GV, GVBD, MI stage, 6.3% were at MII stage, and 52.1% 

have degenerated (Del Campo et al., 1994b). After 30 h of 

IVM, the maturation rate reached up to 30.4% (Del Cam-

po et al., 1994b). In dromedary camels, another study re-

corded maturation rates of 17.4% (4/23) and 16.6% (6/36) 

after 24 h IVM for oocytes obtained from pregnant and 

non-pregnant females, respectively (Ghoneim, 1999). In 

2001, Abdoon observed that IVM of dromedary camel oo-

cytes for 36 h resulted in high percentages of cumulus ex-

pansion (92.0%) and nuclear maturation rates (85.4%) (Ab-

doon, 2001). The same author also added that increasing 

IVM time to 48 and 72 h increased the percentage of de-

generated oocytes (21.6 and 29.0%, respectively) (Abdoon, 

2001). In 2002, Kafi and colleagues found that, after 6 h 

IVM, 40% of dromedary camel COCs showed complete ex-

pansion of cumulus cells, and the degree of expansion in-

creased significantly at 30 h IVM (Kafi et al., 2002). Based 

on cytogenetic evaluation the same authors found that 

87% of oocytes were at GV stage at the time of aspiration 

(0 h), 66% at GVBD at 6 h culture time, progression to MI 

(48%) and MII (71%) occurred at 18 and 42 h, respectively 

(Kafi et al., 2002). The peak rate of polar body extrusion 

(71%) occurred at 42 h, which was comparable to 66.0% 

at 30 h (Kafi et al., 2002). In 2003, a study published by 

Mahmoud and colleagues showed that at 24 h post-IVM 

14.8%, 11.7%, 7.8%, and 35.9% of dromedary camel oo-

cytes were at GVBD, MI, anaphase I and telophase I (AI/

TI), and MII, respectively (Mahmoud et al., 2003). Besides, 

at 24-30 h post-IVM, the proportions of AI/TI gradually 

decreased, followed by degeneration at 48 h (Mahmoud 

et al., 2003). In the same study, the authors recorded 

that the maximum proportion of MII was achieved at 30-

36 h (42.37% and 41.66%, respectively) (Mahmoud et al., 

2003). Forty-eight hours post maturation; all metaphases 

were undefined due to the degeneration of chromatin 

(Mahmoud et al., 2003). Torner et al. (2003) reported that 

the oocytes collected from ovaries of pregnant camels 

require 36 h IVM time to reach levels of more than 50% 

MII in comparison to 32 h for oocytes collected from the 

ovaries of non-pregnant animals. Wani and Nowshari 

(2005) studied the chronological consequences during 

camel oocytes IVM from 0 to 48 h, and they found that 

75.4% of oocytes were at GV stage at the start of matura-

tion; however, none of the oocytes revealed GV stage at 

28 h of maturation (0/97). At 8 h of maturation, 49.3% of 

the oocytes were at diakinesis, and after 16 h, 50% were 

at the MI stage (Wani and Nowshari, 2005). At 24 h, the 

maximum number of oocytes was at anaphase, and at 44 
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h, the maximum number of oocytes (52.0%) was at the 

MII stage (Wani and Nowshari, 2005). After 48 h, the pro-

portion of oocytes with no visible chromatin increased 

to 52.9%, and the proportion of MII oocytes decreased 

to 37.6% (Wani and Nowshari, 2005). The authors con-

cluded that 40-44 h maturation time yielded the highest 

proportion of mature oocytes (Wani and Nowshari, 2005). 

Khatir et al. (2004) recorded that at 36 h IVM of drom-

edary camel oocytes, 63% of oocytes were at MII stages 

as characterized by the presence of MII plate and the first 

polar body. In our studies we found that maturation of 

dromedary camel oocytes for 36 h resulted in significantly 

higher nuclear maturation rate (72.3%) than those ma-

tured for 24 h (47.6%) or 48 h (45.2%); however, these val-

ues did not significantly differ from those matured for 30 

h (58.1%, Fig. 7) (Moawad, 2005). Recently, camel COCs 

were cultured for different durations (28, 32, 36, 42, and 

48 h) to determine the optimal oocyte nuclear maturation 

duration required for supporting early embryonic devel-

opment (Yaqoob et al., 2017). The results revealed that 

COCs cultured for 28 h showed reduced cumulus expan-

sion when compared with those cultured for 32 and 36 h; 

however, first polar body extrusion and nuclear matura-

tion showed no difference among the three groups (55.7% 

to 60.0%) (Yaqoob et al., 2017). Interestingly, the groups 

cultured for 42 and 48 h displayed two polar bodies ex-

trusion in the perivitelline space in 43.1% and 54.3% of 

the examined oocytes, respectively (Yaqoob et al., 2017). 

Spontaneous parthenogenesis of camel oocytes cultured 

for long periods have been reported in few studies. For 

example, culturing dromedary camel oocytes for 48 h 

resulted in development of 2-cell stages embryos (Kafi et 

al., 2005). Furthermore, another study reported that 1.2% 

of camel oocytes develops to 2-8 cell stage embryos after 

40 h of IVM (Abdoon et al., 2007). These results indicated 

that culturing of dromedary camel oocytes for a pro-

longed period allows oocyte to initiate meiosis II and that 

some oocytes complete meiosis II and can undergo spon-

taneous cell division (Yaqoob et al., 2017).

IN VITRO FERTILIZATION 

Fertilization is a complex process of cell to cell interac-

tion, which starts with specific recognition and binding of 

spermatozoa to oocytes and ultimately leads to the fusion 

of male and female pronuclei (Dale, 1987). In IVF systems, 

sufficient maturation of the spermatozoa is of the same 

importance as oocyte maturation (Xu et al., 1996). Sperm 

must undergo dramatic changes before fertilization; first, 

the sperm must be capacitated, and second, the sperm 

must undergo an acrosome reaction (AR) (Ball et al., 

1984). Capacitation of mammalian spermatozoa was first 

identified by (Austin, 1951; Chang, 1951), and it happens 

in vivo in the uterine or oviductal lumen (Chang, 1951). 

Once spermatozoon has been capacitated, it displays 

typical hyperactive motility and later an AR (Samper et 

al., 1989). AR, an exocytic event, initiated immediately af-

ter binding of the sperm to the oocyte. The sperm plasma 

membrane fusses to the underlying acrosomal membrane 

at multiple sites, and the acrosomal contents are released. 

The hydrolytic enzymes released are required to dissolve 

the ZP matrix around the penetrating sperm and allow 

the sperm to enter the perivitelline space (Gadella et al., 

2001). However, if the acrosome reaction is initiated too 

early (i.e., prior to ZP binding) the enzymes will be lost 

and the sperm lose its ability to penetrate the ZP and to 

complete the fertilization process (Gadella et al., 2001). 

The earliest successful results of IVF obtained by using 

spermatozoa capacitated in vivo were reported in rabbits 

(Chang, 1959) and mice (Whittingham, 1968). In vitro ca-

pacitation of mammalian spermatozoa has been accom-

plished in several species, including humans (Yanagimachi 

et al., 1976), bulls (Iritani et al., 1984), and stallions (Sam-

per et al., 1989). However, little is known about capacita-

tion and AR of spermatozoa in camelid (Moawad, 2005; 
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Moawad et al., 2012a; Crichton et al., 2015). 

Factors affecting IVF rates
1) Sperm capacitating agents

It has been demonstrated that exposure of bovine se-

men to high ionic strength media (HIS) induced sufficient 

capacitation for sperm to fertilize in vivo matured oo-

cytes (Brackett et al., 1982). The HIS medium was made 

by adding enough NaCl to the Bracket-Oliphant medium 

(BO) (Brackett and Oliphant, 1975) to achieve 380 mos-

mols. The HIS and BO media had previously been shown 

to induce capacitation of rabbit sperm by presumably 

displacing decapacitation factors from the surface of 

sperm (Brackett and Oliphant, 1975). Treating either fresh 

or frozen-thawed bovine sperm with HIS treatment for 

IVF produced only modest penetration rates of oocytes by 

sperm (Parrish, 2014). A different approach for capaci-

tating bovine spermatozoa was also being developed by 

Ball et al. (Ball et al., 1983), and related to the possible 

role that follicular fluid and oviduct secretions play in 

sperm capacitation or inducing the AR. Follicular fluid 

and oviduct secretions are abundant in glycosaminogly-

cans (GAGs) (Lee and Ax, 1984), and sperm were able to 

undergo the AR after exposure to these compounds (Ball 

et al., 1983). Heparin, as commercially available sulfated 

GAGs, is known to induce capacitation and AR of bovine 

spermatozoa (Lenz et al., 1983). Heparin induces its ca-

pacitating effect through binding to a series of bovine 

seminal plasma proteins (BSPs) that bind to epididymal 

sperm at ejaculation leading to changes to sperm intra-

cellular pH (pHi), intracellular calcium (Cai), and cAMP 

levels (Parrish, 2014). Use of heparin as a capacitating 

agent has been reported in many species including cam-

els (Parrish et al., 1986; Lu et al., 1987; Bavister et al., 

1992; Totey et al., 1992; Khatir et al., 2004; Moawad, 

2005; Moawad et al., 2012a; Parrish, 2014). Caffeine: a 

phosphodiesterase inhibitor; another compound is also 

known to induce capacitation in mammalian spermato-

zoa by increasing cAMP and Cai levels inside the sperma-

tozoa (Aoyagi et al., 1988). In addition to its effect as a 

capacitating agent, caffeine also enhances sperm motility 

(Garbers et al., 1971). The use of caffeine in inducing in 

vitro sperm capacitation has been demonstrated in differ-

ent species (Niwa and Ohgoda, 1988; Totey et al., 1992; 

Bou et al., 1993; Moawad, 2005; Moawad et al., 2012a). 

Other compounds such as calcium ionophore A23187 

and theophylline have also been used for induction of 

sperm capacitation and AR in vitro (Yang et al., 1993; 

Kawakami et al., 1999; Kitiyanant et al., 2002; Moawad, 

2005; Moawad et al., 2012a). Several studies have shown 

that calcium ionophore A23187 induces its effect by in-

creasing Cai concentration excessively (Visconti et al., 

1999), however, theophylline a methylxanthine deriva-

tive has the ability to elevate cAMP and cAMP-dependent 

processes of sperm, including motility, capacitation and 

AR (Glogowski et al., 2002). In camelids, previous study 

demonstrated that insemination of IVM Bactrian camel 

oocytes with epididymal spermatozoa treated with caf-

feine and BSA for 2 h produced 43% fertilization rate 

(Bou et al., 1993). Del Camp et al. (1994b) treated four 

different groups of matured llama oocytes with different 

concentrations of heparin for IVF, namely; COCs treated 

with 2 µg/mL heparin (group 1), COCs treated with 5 µg/

mL heparin (group 2), denuded oocytes treated with 2 µg/

mL heparin (group 3), and denuded oocytes treated with 

5 µg/mL heparin (group 4). They inseminated each group 

with 2-3 × 106 epididymal sperm cell/mL and recorded 

similar fertilization rates (29.2%) in the four groups. How-

ever, the frequency of normal fertilization rate (oocyte 

with 2 pronuclei) was greater in denuded oocytes (67.7%) 

than in COCs (36.0%) regardless of heparin concentration 

(Del Campo et al., 1994b). Khatir et al. (2004) inseminat-

ed 1135 camel COCs with ejaculated fresh camel semen 

at a final concentration of 0.5 × 106 sperm cell/mL in F-

TALP medium supplemented with 10 µg/mL heparin and 

recorded 68% penetration rate, 52% normal fertilization 

rate, and 34% polyspermic fertilization. Beside capacitat-

ing agents, types and supplements of IVF media can affect 

fertilization rates. We found that supplementation of IVF 

media (F-TALP) with 6 mg/mL BSA significantly improved 

fertilization rates of IVM dromedary camel oocytes than 

those inseminated in F-TALP supplemented with 3 mg/mL 

polyvinyl alcohol (PVA; 52.4% vs. 28.6%) (Moawad, 2005; 

Moawad et al., 2012a). Beneficial effects of BSA on sperm 

capacitation and IVF have been reported in many studies 

(Eckert and Niemann, 1995; Parrish, 2014). 

2) Camel epididymal sperm and IVF 

IVF of oocytes with epididymal spermatozoa has been 

applied in different species included cattle (Goto et al., 

1989), pig (Rath and Niemann, 1997), cat (Niwa et al., 

1985); llama (Del Campo et al., 1994b), Bactrian and 
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dromedary camels (Bou et al., 1993; Moawad, 2005; Wani, 

2009; Moawad et al., 2012a; Fathi et al., 2014; Scholkamy 

et al., 2016; Abdelkhalek et al., 2017; Fathi and El-Shahat, 

2017; Fathi et al., 2018). Many factors have been reported 

to affect the fertilization rates of epididymal spermatozoa 

in dromedary camel include the site of semen collection, 

age of the animals and their use in natural or artificial 

breeding, methods of semen preparation, sperm concen-

tration, and developmental competence of the oocytes 

(Wani, 2009). It has been shown that the fertilization of 

matured dromedary camel oocytes with epididymal sper-

matozoa resulted in 52%-67% IVF rates (Wani, 2009). In 

our studies we were able to report 55.5%, 62.5%, 62.7% 

and 47.2% total fertilization rates following IVF of matured 

dromedary camel oocytes with epididymal spermatozoa 

at concentrations of 1, 2, 3, or 4 × 106 sperm cell/mL, re-

spectively (Moawad et al., 2012a). We also found that the 

proportions of fertilized oocytes with 2 pronuclei were 

higher in oocytes inseminated with 2 × 106 sperm cell/

mL (29.7%) than those inseminated with 4 × 106 sperm 

cell/mL (11.1%) (Moawad, 2005; Moawad et al., 2012a). 

We also reported that treatment of epididymal camel 

spermatozoa with 5 mM caffeine before IVF significantly 

improved fertilization rates compared with those treated 

with 1mM calcium ionophore A23178 (61.9% vs. 32.4%, 

respectively) (Moawad, 2005; Moawad et al., 2012a). Fur-

thermore, treatment of epididymal camel spermatozoa 

with heparin (10 µg/mL) or theophylline (1 mg/mL) before 

IVF resulted in 38.5% and 54.1%, fertilization rates, re-

spectively (Moawad, 2005; Moawad et al., 2012a). Among 

the different capacitating agents used in our studies, we 

noticed that caffeine treated spermatozoa produced the 

highest frequencies of oocytes with 2 pronuclei (Moawad, 

2005; Moawad et al., 2012a). We also demonstrated that 

storage of camel epididymides for 24 h at 4oC did not 

negatively impact IVF rates (Moawad, 2005; Moawad et 

al., 2012a). Taken together, under our experimental con-

ditions, epididymal spermatozoa at a concentration of 2 

× 106 sperm/mL prepared in medium containing 5 mM 

caffeine as capacitating agent can be used effectively for 

IVF of camel oocytes (Moawad et al., 2012a). 

IN VITRO CULTURE OF DROMEDARY CAMEL 
EMBRYOS 

Experiments on sperm capacitation and fertilization 

must be followed by appropriate IVC procedures to en-

able zygotes to develop up to the blastocyst stage (Jaakma 

et al., 1997). Methods to maintain embryo viability and 

development in vitro are essential for the success of many 

experimental protocols, including embryo transfer, SCNT, 

and other embryo micromanipulations (Wright and Bond-

ioli, 1981). Three systems have been developed to culture 

the presumptive zygotes (Galli and Lazzari, 1996); namely, 

1) zygotes or cleaved embryos are transferred to ligated 

oviducts of temporary recipients either sheep or rabbit 

for 5 or 4 days, respectively, 2) zygotes are co-cultured 

in vitro with somatic cells either oviductal epithelial cells 

or granulosa cells, and 3) zygotes are cultured in simple 

media without any somatic cell support. In dromedary 

camel, in most of IVF studies, the reported cleavage rates 

ranged from 10% to 65% and blastocyst production rates 

from 0% to 34% (Moawad, 2005; Khatir et al., 2005, 2009; 

Khatir and Anouassi, 2006; Wani, 2009; Moawad et al., 

2012a; Fathi et al., 2014; Fathi and El-Shahat, 2017; Fa-

thi et al., 2018). The differences observed between these 

studies might be attributed to different factors such as the 

source of semen (epididymal vs. fresh), media used to cul-

ture zygotes, and the developmental competence of oo-

cytes (Moawad, 2005; Wani, 2009; Moawad et al., 2012a; 

Fathi et al., 2014; Fathi and El-Shahat, 2017). Various me-

dia have been developed for culturing dromedary camel 

zygotes include TCM-199 supplemented with FCS (Khatir 

et al., 2004; Moawad, 2005; Moawad et al., 2012a), TCM-

199 enhanced with EDS (Wani, 2009), and potassium 

simplex optimized medium (KSOM) (Khatir and Anouassi, 

2006; Fathi et al., 2014; Fathi and El-Shahat, 2017; Fathi 

et al., 2018). Previous studies showed that culture of in vi-

tro produced dromedary camel zygotes in TCM-199 media 

with oviductal cell co-culture system resulted in higher 

cleavage and blastocyst rates (61% and 10%, respectively) 

than those cultured in the same medium supplemented 

with granulosa cell co-culture (45% and 0%, respectively) 

(Khatir et al., 2004). The beneficial effect of the oviductal 

cell co-culture system has been explained based on the 

ability of these cells to produce some favorable factors 

that support embryo development (Khatir et al., 2004). 

Low rates of development obtained with the granulosa 

cells co-culture system may be due to the high concen-

tration (relative to oviduct co-culture) of cells in the 

monolayer; many cells may result in greater competition 

for nutrients or their metabolic waste which may impair 
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embryo development (Khatir et al., 2004). In our stud-

ies, we observed that insemination of dromedary camel 

oocytes with epididymal spermatozoa treated with 5 mM 

caffeine resulted in higher cleavage rates (26.8%) than 

those inseminated with spermatozoa treated with 1 mg/

mL theophylline (10.5%, Fig. 8) (Moawad, 2005; Moawad 

et al., 2012a). However, we did not see significant differ-

ences in morula (12.5% vs. 5.3%, respectively) and blas-

tocyst (5.4% vs. 2.6%, respectively) development between 

the two groups (Moawad, 2005; Moawad et al., 2012a). In 

the dromedary camel IVF system, it is worth to highlight 

that, first cleavages are observed at 16-18 h post-IVF, and 

first blastocysts appear at day 5 post-IVF (Khatir et al., 

2004; Moawad, 2005; Wani, 2009; Moawad et al., 2012a). 

This indicates that embryo kinetics in dromedary camel 

is faster than those reported in cattle, where a blastocyst 

appears at day 7 post-IVF (Bavister, 1995). This rapid de-

velopment of a dromedary embryo is also confirmed in 

vivo. In camel embryo transfer programs, most of the em-

bryos collected at day 7 from induction of ovulation are 

expanded and hatched blastocysts (Skidmore et al., 2002; 

Skidmore and Billah, 2011).

CONCLUSION

Selection and genetic manipulation cause loss of bio-

diversity, leading to a decrease in disease resistance, 

reproductive ability, and adaptability to the changing 

environment. The application of ARTs gives rise to many 

ethical considerations relating to animal health, welfare, 

and integrity on one hand and human, biological and 

environmental issues on the other. ARTs such as artifi-

cial insemination, superovulation, embryo transfer, and 

IVF have been introduced to overcome the reproductive 

inefficiencies, thus contributing to increased genetic 

gain. Successful IVF technology in the dromedary camel 

has the potential to overcome several problems, includ-

ing infertility due to oviductal abnormities and the low 

yield of embryos collected after superovulation. Besides, 

IVF technology in the dromedary will improve our under-

standing of the fundamental mechanisms of fertilization 

and early embryo development and promote the develop-

ment of other techniques, including cryopreservation of 

oocytes and embryos, embryo sexing, somatic cell cloning 

and transgenesis. Here we discussed various factors that 

are known to impact the success of every step in IVP in 

dromedary camels. We also highlighted our investigations 

that we reported on the IVM and IVF of dromedary camel 

oocytes. 
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