The chick blastoderm during diapause, a landmark for optimization
of preincubation storage conditions
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ABSTRACT At the time of oviposition, the chicken
embryo is in its blastodermal stage. The blastoderm dis-
plays the unique ability to undergo developmental arrest
at low temperatures in a process called “embryonic dia-
pause.” In the wild, diapause occurs in freshly laid eggs
until the last egg of the clutch has been laid, providing
an evolutionary advantage to hens that can synchro-
nously hatch their eggs. The poultry industry utilizes
the diapause phenomenon to store eggs before incuba-
tion, thereby mitigating their logistic problems. The
embryos can only be stored at particular embryonic
stages—termed ‘“diapause developmental window”
(DW)—if they are to continue to develop normally
thereafter. Both cellular and molecular mechanisms
define the limits of this DW which broadly comply with
onset of blastulation to early gastrulation. Storage con-
ditions affect the cellular and molecular characteristics
of the embryo during this window and their ability to
successfully resume development (SRD). At storage
temperatures of “12°C to 18°C, embryos can undergo
diapause for a short period (up to 7 days (d)) without
affecting SRD. However, following longer period of dia-
pause (up to 28 d), embryo stored at ~12°C, but not at

~18°C, can resume development normally. Moreover,
eggs can be heated before or during the storage period
which will lead to their commencing in development;
however, unlike the non-heated embryos, the storage
temperature for heated embryos, which are more
advance in developing, is not clear. Thus, based on
SRD, this review brings evidence supporting the
notion that a lower storage temperature is beneficial
for early-stage blastoderms whereas a higher storage
temperature is favorable for later-stage/gastrulating
embryos. Our understanding of the molecular mecha-
nisms underlying the relationship between storage
temperature and development stage within the DW is
rather limited. However, it is expected to become rel-
evant in light of the effect of selective breeding of
modern avian birds on the advancement of embryonic
development stage. Thus, this review discusses
parameters that are regulated during the DW and
affect SRD, and presents the need to adopt new stor-
age techniques. The pre-managerial decision of
required duration of storage with manipulation of
storage temperature in the currently used storage
techniques may improve SRD characteristics.
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INTRODUCTION

From the time of fertilization until oviposition, for
about 20 to 22 hours (h), the embryo develops within
the oviduct. Intrauterine embryo stages are classified by
the EG&K normal development table (Eyal-Giladi and
Kochav, 1976; Kochav et al., 1980), and from stage VII
EG&K to blastulation, the embryo is referred to as the
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blastoderm. After the first egg of a clutch is laid, the
blastoderm has the ability to undergo a resting process
that is manifested by reduced metabolism and entry
into developmental arrest. The ability of avian blasto-
derms, including those of chickens, to undergo a tempo-
rary suspension of overt metabolic activity or
development soon after oviposition is termed diapause
(Fasenko, 2007). In the wild, the diapause phenomenon
is exhibited by 8 to 12 eggs in a clutch (Odula Olwande
et al., 2010). The hen begins incubating the eggs after
the last egg of the clutch is laid to achieve synchronous
hatching. As an alternative to this strategy, several hens
lay eggs in a communal nest, thereby improve their syn-
chronous hatching. Therefore, avian embryo diapause is
a unique phenomenon in which the rapidly developing
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embryo—a living organism which, under normal condi-
tions, has an extremely rapid cell cycle (Pokhrel et al.,
2017)—almost completely stops the developmental pro-
cess for a long time following exposure to low tempera-
ture, in some avian potentially up to 7 or 8 weeks (wk)
(Arora and Kosin, 1966b). Similarly, other organisms
have adapted to variability in environmental conditions
at the beginning of embryogenesis by reducing metabolic
rate and slowing development (Calow and Forbes, 1998;
Chapuis and Ferdy, 2012; Brunner et al., 2014; Burya-
nov, 2015); in these latter organisms, this is best
described as a dormancy mechanism (Desmarais and
Murphy, 2002; Marijuan, Navarro, and del Moral, 2010;
Squeglia et al., 2015; Sturm and Dworkin, 2015). Adop-
tion of this mechanism allows the organisms to wait for
improved conditions to resume their life activities, such
as development and reproduction (Calow, 1983;
Reed and Clark, 2011; Clark et al., 2012).

Aside from its evolutionary advantage, the phenome-
non of diapause is relevant to the poultry industry for
egg storage (Brake et al., 1997). In practice, the hatcher-
ies can decide whether to incubate or store eggs, depend-
ing on commercial requirements such as market
demand, incubator capacity, egg transport needs, and
hatching synchronization (Bakst and Akuffo, 2002).
Therefore, egg storage is a managerial decision com-
monly practiced by hatchery managers to ensure that
high-quality fertilized eggs are available at all times.

Eggs can only be stored during a particular develop-
ment period of the blastoderm, which is described in this
review as the diapause developmental window (DW).
There are several milestone criteria in the blastoderm
that define the DW: stage of development, cell count,
pluripotency state, and blastoderm cytoarchitecture.
According to the developmental stage, the DW is limited
from blastulation to early gastrulation (32—34 h of
embryo development after fertilization). The develop-
mental stage is also related to changes in cell count, plu-
ripotent state, and cellular organization of the
blastoderm, which altogether affect the ability to store
eggs for prolonged periods with successful resumption of
development (SRD) thereafter. In addition to the mile-
stone DW criteria, other factors affecting the DW are
characteristics of the albumin and egg yolk, the vitelline
membrane, and the eggshell.

As soon as the eggs are laid, the ambient temperature
of about 25°C starts to affect the DW. Edwards (1902)
suggested that embryos only stop developing at 20.5°C,
and termed this as the “physiological zero.” This pioneer-
ing study in the field led to the practice of cooling freshly
laid eggs within 6 h, to obtain a better-synchronized
hatching rate (Schulte-Driiggelte, 2011). The practice of
maintaining blastoderms in DW is exploited by commer-
cial management in hatcheries through the provision of
adequate storage durations and conditions, mainly tem-
perature and RH (Brake et al., 1997).

The storage conditions for a blastoderm during its
DW can only be adequate if the embryos can successfully
resume development after diapause. Thus, SRD relies
largely on the storage conditions that maintain the

embryo within the DW by retaining milestone criteria.
Therefore, the storage conditions are considered benefi-
cial only when they result in less advancement in devel-
opment, retain higher number of live cells, maintain cell
pluripotency, and conserve blastoderm morphology and
cytoarchitecture. In addition, some changes in egg char-
acteristics at later stages of storage, such as interference
with albumin pH (Karoui et al., 2006), can affect SRD
and subsequently negatively affect hatchability
(Akhlaghi et al., 2013). The role of other physical char-
acteristics of eggs, including the vitelline membrane and
eggshell in gas exchange and ion transfer has also been
reported (reviewed in Reijrink et al., 2008), but there is
a lack of direct evidence for their contribution to SRD.
Therefore, the milestone criteria which demonstrate bio-
logical significance are considered essential for SRD. In
this review, we aim to define appropriate storage condi-
tions for embryos based on their ability to maintain the
DW criteria during diapause without affecting their
SRD characteristics in the post-diapause period.

EARLY DEVELOPMENTAL STAGES OF THE
CHICK EMBRYO AND THE DW

The stage of the embryo is an important factor affect-
ing SRD. Since there is a narrow and restricted DW dur-
ing which the embryo can be stored, the changes in
developmental stage before and during storage are cru-
cial (Fasenko et al., 2001; Pokhrel et al., 2017, 2018).
The blastoderm developmental stage at oviposition and
prior to storage advances with flock age, due to inade-
quate prestorage conditions and modern genetic selec-
tion. During storage, higher storage temperature and
short period of incubation advance the developmental
stage. Therefore, proper considerations need to be taken
to retain the development stage within the DW.

Based on the DW, early embryogenesis events can be
categorized into 3 periods: 1) before the DW opens, 2) at
DW opening, and 3) when the DW closes. The develop-
mental stages before DW opening include the intrauter-
ine stages (Figure 1A and 1B), when the eggs are
unavailable and are therefore not stored. The DW opens
only after the egg is laid, lasting from blastulation to
early gastrulation (Figures 1C and 2A—E), and closes
thereafter.

Eyal-Giladi and Kochav (1976) and
Kochav et al. (1980) studied the earliest intrauterine
stages of embryogenesis, starting from fertilization until
12 h after oviposition, marking the end of the blastula-
tion process. These studies defined 14 successive devel-
opmental stages, starting from fertilization, through the
intrauterine period, until 12 h of incubation (marked in
roman numerals as I to XIV EG&K), and preceding into
stage 2 of Hamburger and Hamilton (1951) (H&H).
Eyal-Giladi and Kochav (1976) subdivided the intra-
uterine stage into 3 developmental periods: the mero-
blastic cleavage phase (stages [I-VI EG&K, Figure 1A),
area pellucida (AP) formation (stages VII-IX EG&K,
Figure 1B), and hypoblast formation, which marks the
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Stage Il EG&K

Stage VIl EG&K

Figure 1. Representative images of blastoderm from intrauterine stages and following oviposition. (A) Stage Il EG&K — meroblastic cleavage
phase. (B) Stage VIII EG&K — area pellucida formation phase. (A) and (B) are intrauterine stages; images obtained from preserved samples of
Kochav et al. (1980). (C) Stage XIII EG&K — hypoblast formation phase. Hypoblast is fully covering the ventral region of the epiblast. Image
obtained from a freshly oviposited egg. Abbreviations: AO, area opaca; epi, epiblast; hyp, hypoblast; SGC, subgerminal cavity.

blastulation process (stages X—XIV EG&K, Figures 1C
and 2). At the beginning of the cleavage period, the first
blastomeres are formed by slow syncytial meroblastic
cleavage, which is then followed by rapid cell cycles, in
which the cells' size is drastically reduced, thus forming
the germinal disk. This intrauterine phase lasts 11 h.
These 2 phases are crucial for embryonic axis patterning
(Kochav and Eyal-Giladi, 1971). At stage VII EG&K,
posterior germinal disc cells start to dissociate and shed
ventrally into the subgerminal cavity (Figure 1B). This
shedding process progresses anteriorly until stage IX,
when a demarcated border between the AP and the sur-
rounding disk, the area opaca, is formed. At stage X,

which marks the opening of the DW, the formation of
AP is complete and a horseshoe-like cell ridge termed
Koller’s sickle is formed on the posterior side at the mar-
ginal zone between the AP and area opaca. The Koller’s
sickle indicates a clear anteroposterior axis of the
embryo. Starting at stage X, some AP cells start to
delaminate in a polyingression process and form ventral
cell clusters. Some of these cells are the first sign of hypo-
blast formation, and among them are cells that give rise
to primordial germ cells (Karageng et al., 1996). In par-
allel, the underlying hypoblast layer starts to form and
extend from the Koller’s sickle, advancing anteriorly
until it completely covers the overlying disk of the
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X EG&K Xl EG&K Xl EG&K Xl EG&K XIV EG&K

Figure 2. Schematic diagram (ventral view) of developmental stages during the blastulation process. (A) Stage X EG&K: the embryo is com-
posed of a single-epithelial layer disk — the area pellucida (AP, light green), surrounded by a multilayer ring — the area opaca (AO, light gray). At
the posterior border between these lies Koller’s sickle (KS, orange). At this stage, some polyingressing cells (PI, black dots) are evident on the ventral
surface of the area pellucida. (B) Stage XI EG&K: formation of the hypoblast (Hy, pink); the second layer advances from Koller's sickle anteriorly
(black arrow) and covers ~'/5 of the overlying epiblast. (C) Stage XII EG&K: the hypoblast layer further extends anteriorly and covers ~%/5 of the
area pellucida. (D) Stage XIII EG&K: the end of the blastulation process; the hypoblast fully covers the overlying epiblast, forming a cavity between
the 2 layers, termed blastocoel. (E) Stage XIV EG&K, initiation of the gastrulation process; the formation of the Primitive streak (PS) appears at
the center of the posterior border between the area pellucida and the area opaca. Position of embryo is showed in black arrows and denoted by let-
ters: A-Anterior, P-Posterior, L-Left, R-Right.
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Table 1. Total number of cells in freshly laid blastoderm.

Total number of cells Developmental stages (EG&K) Methods used to count the cells References

40,000 X (Eyal-Giladi and Kochav, 1976)
30,000 to 40,000 X Noted in Petitte et al. (1990)
40,000 to 60,000 NT Noted in Etches et al. (1997)
30,000 to 50,000 X, XI, XII, XIII Microscopic slide and imaging (Bloom et al., 1998)

32,000 £ 3,000 VII Hemocytometer (Bakst and Akuffo, 2002)
49,317 VIII, IX, X, XTI, XII Double Biirker Tiirk counting chamber (Reijrink et al., 2010)

60,000, 90,000, 110,000, and 130,000 X, XI, XII, and XIII, respectively

Confocal laser scanning microscope

and inverted microscope
(Pokhrel et al., 2017)

Abbreviation: NT, not determined.

epiblast within the next 12 h (stages X to XIII EG&K,
Figure 2A—D). Stage XIII EG&K marks the end of the
blastulation process (Figures 1C and 2D), where the epi-
blast and hypoblast are fully formed and the blastocoel
cavity between them becomes apparent. Freshly ovipos-
ited blastoderms are in blastulation stage X to XIII
EG&K, although the predominant development stage
during oviposition in modern poultry is shifting to more
advanced stages of development. For instance, in Eyal-
Giladi and Kochav (1976), Kochav et al. (1980) and
numerous subsequent studies (Table 1), the predomi-
nant stage of the embryo in the freshly laid eggs was X
EG&K, at the beginning of the blastulation process.
However, we and others have found that in modern
broiler breeds, the predominant stage is more advanced,
XTI and XII EG&K for young and old flocks, respectively
(Bakst et al., 1997; Pokhrel et al., 2017). This highlights
a critical issue regarding narrowing of the DW during
which the eggs can be stored in modern breeds.
Advancement in developmental stage may also occur
due to storage methods and hatchery practices. Develop-
mental stage can advance due to incubation of eggs
before storage (PSI, prestorage incubation) or during
storage (SPIDES, short period of incubation during
egg storage). PST and SPIDES are aimed to increase the
total cell number prior to storage or to reactivate biolog-
ical mechanisms during storage, respectively (Meir and
Ar, 1998; Fasenko et al., 2001a), in order to support the
embryos to resume development. However, thorough
investigation of their effect on total cell count has not
been demonstrated. The notion that the proportion of
live cells declines during long-term storage led research-
ers to study whether increasing the cell number, using
12 h of PSI, would facilitate embryo survival and SRD.
To study the effect of PSI, eggs were incubated for 12 h,
until stage 5 H&H (Reijrink et al., 2010). However, this
was inconsistent with the time frame of normal develop-
ment, in which 12 h of incubation will only advance the
freshly laid embryo to stage XII EG&K (Eyal-
Giladi and Kochav, 1976), thus reflecting an approxi-
mate 12 h gap in development. Thus, to start the storage
period as early as possible, with the widest DW, the eggs
must be transported at low temperature to obtain the
desired stage. In addition, while advancing the develop-
ment stage, it is important to consider that the DW
closes at the early gastrulation stages (Olsen and Hay-
nes, 1948; Olsen, 1949; Kosin and St. Pierre, 1956;
Reijrink et al., 2010). It should be noted from these stud-
ies that the change in the developmental stage criterion

will become critical for the industry if the resultant
changes also compromise SRD characteristics. In
summary, it is still unknown how embryo diapause
does not affect SRD characteristics during the DW
between blastulation and early gastrulation. As the
answer to this question is likely to rely on the cross-
talk between morphogenesis, cell-number mainte-
nance and the pluripotent state of the blastoderm;
uncovering the connection between DW criteria, and
the effects of storage conditions on each criterion, are
relevant for poultry research and industry.

Developmental Stage and Cytoarchitecture

Several studies have shown that storage conditions
influence blastoderm cytoarchitecture. For instance,
under storage conditions of 26°C for less than 7 d, the
chicken blastoderm continues to undergo structural
changes in gross morphology (Funk and Biellier, 1944),
whereas blastoderms stored under lower temperature
conditions (10°C—18°C) show cessation of the develop-
mental process (Funk and Biellier, 1944; Arora and
Kosin, 1966a; Arora and Kosin, 1968). Yet, we have
recently found that also during storage the blastoderm
undergoes remarkable changes (Pokhrel et al., 2018).
These changes, which are reflected in the developmental
progression of the stored embryos, are slower at 12°C,
compared to 18°C (Fasenko et al., 2001; Pokhrel et al.,
2017; 2018). The morphological changes observed after
prolonged storage at around 18°C, including the recesses
formation, appear as an abnormal development pro-
cesses, which is not similar to normal development (as
described in previous chapter) under standard incubation
condition. In essence, cellular changes that occur in
embryos during diapause are correlated with embryonic
mortality during storage or short time after incubation,
for instance, are more pronounced at higher (18°C) vs.
lower (12°C) storage temperature (Pokhrel et al., 2018).
Therefore, the lower storage temperature of 12°C, which
slows down the developmental progression of the blasto-
derm for a longer storage duration, as opposed to higher
storage temperature, is highly correlated with better SRD
characteristics. Taken together, these studies show that
cellular changes occur in the DW and are affected by the
advancement in the developmental stage at oviposition
(due to selective breeding), increased flock age, increased
diapause duration, and higher storage temperature.

Moreover, different storage practices, such as PSI,
also result in cytoarchitectural changes. However, these
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Table 2. Effects of egg storage on blastoderm cell death via apoptosis and necrosis.

Storage

Storage duration (d)  temperature (°C)  Apoptotic/ necrotic cells (%)

Methods used References

0,14 12 3.14+1.8,13.9+3.6

2,4, and 14 18 32,40, 34

4 and 14 16 83.58 £ 2.15, 71.42 £+ 3.36

0,4 and 14 16 Necrotic cells 0 d, 73.56 +8.93; 4 d,
3.56 £1.64;14d,16.75 £ 1.73

0,7,14, 21, and 28 18 1.33,7, 16.39, 26.76, 39.44

0,7,14,21, and 28 12 1.33, 3.69, 7.95, 15.25, 20.42

Microscopic slide and imaging (Bloom et al., 1998)
Hemocytometer counting (Bakst and Akuffo, 2002)
Flow cytometry (Hamidu et al., 2010)
Flow cytometry (Hamidu et al., 2010)

Hemocytometer counting and microscopic
imaging

Hemocytometer counting and microscopic
imaging

(Pokhrel et al., 2018)

(Pokhrel et al., 2018)

effects are not well-defined in the range of recommended
storage temperatures (11.5°C—18°C) (Fasenko et al.,
2001a; Kgwatalala et al., 2013). Storing blastulation-
staged embryos at 12°C improves cell viability and SRD
characteristics of embryos under prolonged storage
(Table 2); therefore, storage at 12°C was used to study
the effect of PSI on cellular changes (Fasenko et al.,
2001a). A critical aspect of this study showed a drastic
decrease in hatchability when eggs were treated with
PSI for 18 h and stored at 12°C for 14 d, compared to
eggs that were stored immediately after being laid (9%
vs. 70%, respectively, following 14 d at 12°C). Yet, 6 h of
PSI resulted in improved hatchability compared to non-
PSI-treated embryos (79% vs. 70%, respectively)
(Faseko et al., 2001a). In contrast, in another study, 7 h
of PSI showed no difference between PSI-treated
(86.5%) and non-PSlI-treated (control; 86.5%) embryos
(Reijrink et al., 2010). In addition, a discrepancy was
observed in embryonic developmental staging between
the studies, despite using the same PSI protocol (stages
XI to XIII EG&K, and stage X EG&K to stage 3 H&H
in Fasenko et al., 2001a, and Reijrink et al., 2010, respec-
tively). Notably, in both studies, the embryonic
advancement was not in accordance with the expected
development as published in the normal development
tables (Hamburger and Hamilton, 1951; Eyal-Giladi and
Kochav, 1976). During blastulation, the embryo advan-
ces one stage every 4 h. Therefore, freshly laid eggs, pre-
dominantly at stage XI EG&K, following 6 h of
incubation, are expected to reach between stages XII
and XIII EG&K and when incubated for 18 h, they are
expected to advance to stages 2 to 3 H&H
(Hamburger and Hamilton, 1951; Eyal-Giladi and
Kochav, 1976). Thus, accurate staging is highly impor-
tant to define the DW borders. Taken together, increas-
ing PSI duration from 6 to 18 h has a negative effect on
hatchability due to a shifting of the embryonic stage
from blastulation to gastrulation. Under normal devel-
opmental conditions, starting from fertilization, it takes
about 32 to 34 h of incubation for the embryo to reach
gastrulation. Since embryonic development can advance
while they are being held for an extended time in a nest
or cage, and during transportation, this development
should also be taken into account before modifying the
storage technique. Therefore, the above inconsistencies
in hatchability resulting from modified storage condi-
tions can be due to embryonic stages that have advanced

beyond the DW. Hence, understanding the DW is highly
relevant when modifying storage techniques. Moreover,
these studies show that embryos that are within the DW
can be stored for prolonged duration at 12°C, but once
the gastrulation stage starts, embryos cannot be stored
at 12°C (Fasenko et al., 2001a). Studies showing benefi-
cial effects on hatchability following heating of guinea
fowl eggs and storing them at storage temperature above
12°C (18 °C) insight that storing advanced stage embryo
at higher storage temperature may perhaps be beneficial
(Kgwatalala et al., 2013). An investigation of whether
commercial poultry bird embryos that have advanced to
the gastrulation stage can be stored at 18°C without
damaging hatchability is warranted. Taken together,
freshly laid blastoderm consisting of a normal cytoarchi-
tecture of single layered epithelial sheet within AP, and
hypoblast and polyingressing cells ventrally, are greatly
influenced by the storage temperature resulting epithe-
lial cell topological changes and recesses formation and
these cytoarchitectural changes coupled with embryonic
development advancement prior to incubation may nar-
row the borders of the DW.

State of Pluripotency

Previous studies have suggested that early-staged
embryos during blastulation have remarkable tolerance
to large fluctuations in temperature, but during gastru-
lation stages, they lose their resilience to cooling
(Olsen and Haynes, 1948; Marlow W. Olsen, 1949;
Kosin and St. Pierre, 1956). Therefore, while stage X
EG&K blastoderms can be stored at low temperature
for potentially up to 28 d and still allow SRD
(Pokhrel et al., 2018), advanced-staged embryos, up to
stage 5 H&H, can only be stored for up to 14 d
(Reijrink et al., 2010). Previous studies have shown that
chick embryos at the blastulation stage activate pluripo-
tency-specific pathways resulting in the appearance of
pluripotent cells (Jean et al., 2015). Pluripotent blasto-
dermal cells can give rise to both somatic and germline
lineages (Petitte et al., 1990). However, pluripotency of
the somatic cells is lost when gastrulation is initiated,
and cells become committed to giving rise to the three
germ layers: the ectoderm, mesoderm, and endoderm.
This transition to become committed leads to loss of
SRD ability of the embryo following diapause. Hence, as
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the DW is restricted to a narrow developmental period
from blastulation to early gastrulation. Cellular markers
of pluripotency (Nanog, cPOUV, Jean et al., 2015)
and cellular markers for labeling the different cell
commitment states (mesoderm- Brachyury, endo-
derm- Sox17, neuronal-SOX2, Noggin, and extra-
embryonic region-GATA4) can predict the embryonic
ability to resume development after storage.

Total Cell Count in the Blastoderm

The embryonic ability to resume normal development
after storage depends largely on a sufficient number of
live precursor cells surviving cell death during storage
(Fasenko et al., 2001; Fasenko et al., 2001a). The total
number of cells in freshly laid embryos has been a matter
of debate for many years. The total cell number deter-
mined in different studies can be affected by counting
technique, chicken strain, and the precise blastoderm
stage in freshly laid egg (Table 1). Spratt and Haas
(1960, 1967) were the first to report that the total num-
ber of blastoderm cells was approximately 60,000.
Kochav et al. (1980) provided further data by observing
that while at the initial embryonic stages (I-III
EG&K), the total cell number increases slowly, a signifi-
cant increase in cell number occurs between stages IV
and IX EG&K. Furthermore, between stages IX and X
EG&K, the number of cells decreases by about one-fifth,
due to cell death and shedding, and then it increases
again. Although the absolute number of cells was not
provided, this study highlighted the dynamic changes in
cell number from fertilization to the onset of gastrula-
tion. Collectively, these and other studies, which are
summarized in Table 1, showed that 22 to 34 h after fer-
tilization, at the time of egg-laying, the total cell count
ranges between 30,000 and 130,000, depending on the
embryonic stage and counting method. Notably, the
maximal number of live cells at oviposition is achieved
after massive cell death (70%) that occurs in the late
intrauterine stages between VII and X EG&K, only 6 to
8 h before oviposition (Kochav et al., 1980). This
remarkable recovery in cell number is likely to rely on an
accelerated rate of cell cycle, which is estimated to range
between 60 and 100 min (Pokhrel et al., 2017). This
extraordinarily rapid cell cycle highlights a possible evo-
lutionary mechanism that can produce a sufficient num-
ber of cells in a short period to enable embryo survival
following cell death that occurs during prolonged dia-
pause. However, the exact number of live cells required
for SRD following prolonged diapause remains
unknown.

Regulating Blastoderm Cell Number During Stora-
ge Derived by the amount of proliferating cells (as indi-
cated by their mitotic index) and apoptotic/necrotic
cells, the total cell number during storage is an impor-
tant factor affecting the embryo's SRD ability following
storage. Interestingly, we have recently found that
despite overt metabolic differences at distinct storage

temperatures—with lower metabolism at lower temper-
ature (Cai et al., 2019), embryos which were stored at
the lower temperature of 12°C demonstrated a higher
mitotic index than those stored at 18°C (Pokhrel et al.,
2018). Similar findings were described in turkey blasto-
derms, stored at 13°C vs. 18°C (Arora and Kosin, 1967).
This indicate that higher mitotic index at lower temper-
atures is mainly due to accumulated mitotically arrested
cells (Pokhrel et al., 2018). Recently, Ko et al. (2017)
showed that cells are arrested in the G2 phase during
diapause (at 16°C). However, based on mitotic index cal-
culations, our data suggests that some of the cells are
able to cross the G2—M checkpoint, enter the mitotic
phase, and arrest at the metaphase-plate stage
(Pokhrel et al., 2018). This finding might be explained
by the cells' inability to cross the spindle-assembly
checkpoint, which requires the assembly of kinetochore
mitotic spindles (Cinnamon et al., 2009; Varetti et al.,
2011). When these fail to form due to the instability of
microtubules at lower temperature, the cells seize up in
mitosis at the metaphase—anaphase transition
(Zhai et al., 1995). At variance, at higher storage tem-
perature, the microtubules may be stabilized and form
the kinetochore mitotic spindles, allowing the cells to
cross the metaphase—anaphase transition and terminate
mitosis.

Mitotically arrested cells are likely to be protected
from apoptosis and serve as a reservoir of healthy cells
for when the temperature rises and incubation initiates.
As such, although a small increase in cell number can be
found during diapause, this increase is minute compared
to the higher cell death during diapause, mainly due to
activation of apoptosis (Hamidu et al., 2011). Yet, cell
death is accelerated when storage temperatures are
higher. Therefore, storage at a temperature lower than
18°C benefits the embryo through both higher mitotic
arrest of cells and lower cell death. The regulation of cell
death via apoptosis or necrosis in different avian species
and storage conditions is summarized in Table 2.

The common denominator in all of these studies is the
notion that various storage conditions affect cell viabil-
ity, which in turn affects hatchability and chick quality.
Although many studies demonstrate and agree that egg
storage results in increased cell death, the actual number
of live cells required for SRD is still unclear. Neverthe-
less, the data summarized in Table 2 strongly suggests
that adequate number of viable cells can be achieved by
manipulating the storage temperature within the DW.

The number of live cells can also be increased as previ-
ously described, using the PSI and SPIDES manipula-
tions before or during storage, respectively, thereby
facilitating embryonic survival following prolonged stor-
age (Meir and Ar, 1998; Fasenko et al., 2001a). However,
these practices also promote embryonic development
and loss of pluripotency. As a consequence, the embryo
exits the DW at an advanced stage and its SRD charac-
teristics are compromised. Clearly, increasing the num-
ber of live cells has beneficial effects, but several other
DW criteria should also be taken into account while
heating the eggs before or during storage.
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Taken together, the above studies provide evidence
of cell-number regulation during the DW being a cru-
cial factor for SRD, and show that the negative effect
of cell death can be minimized by manipulating either
the storage temperature or developmental stage of the
blastoderm.

STORAGE CONDITIONS DURING DW — A
PRACTICAL VIEW

Previous works has shown massive cell death during
prolonged storage of eggs. However, this effect can be
minimized by storing blastulation-staged embryos at a
lower temperatures (Table 2). Thus, the same storage
conditions can be applied to more advanced develop-
mental stages or even early-gastrulation stage embryos
as well. Here, we discuss the effects of storage conditions
of embryos at the blastulation stage on their subsequent
development.

Although immediate incubation of freshly laid egg will
override the undesired outcomes of egg storage on the
embryonic SRD following diapause (Brake et al., 1997;
Fasenko, 2007; Hamidu et al., 2011), it is not commer-
cially possible. Moreover, such practice is not highly
advantageous, since a few days of storage have been
shown to be beneficial in improving hatchability
(Asmundson, 1947; Mayes and Takeballi, 1984;
Brake et al., 1997; Pokhrel et al., 2018). Nevertheless, an
increase in storage duration causes early, mid, and late
embryonic mortality during 3 to 5 d, 12 to 14 d, and 18 to
20 d of incubation, respectively (Romanoff, 1949;
Pokhrel et al., 2018; Cai et al., 2019). An increase in
embryonic mortality is already evident after 7 d of stor-
age, followed by a rapid increase after 13 d (Scott, 1933;
Mayes and Takeballi, 1984). Thus, proper storage condi-
tions are of the utmost importance to the poultry indus-
try. Proper egg-storage conditions rely on several factors,
the most important being storage temperature, storage
duration, and RH. These inter-related factors influence
SRD characteristics and as a consequence, hatchability.

Storage Temperature

Early avian embryos are poikilothermic (Cai et al.,
2019); the development and maintenance of metabolic
functions rely mainly on the external source of heat to
which the eggs are exposed. There are 3 main tempera-
ture phases for embryonic development: 1) the body

temperature of the hen from fertilization until oviposi-
tion, 2) the storage temperature, and 3) the incubation
temperature until hatch. During the intrauterine period,
the hen’s body temperature supplies the heating energy
to maintain the earliest stages of embryogenesis. Nota-
bly, variations in intrauterine duration or metabolic
temperature, or both, may lead to differences in embry-
onic stage at oviposition. Consequently, in modern
broiler breeds, the predominant stage at oviposition dif-
fers between young and old flocks—XI and XII EG&K,
respectively (Reijrink et al., 2010; Dymond et al., 2013;
Pokhrel et al., 2018). The variation in reproductive
organ metabolism, and hence, developmental stage at
oviposition, might be related to selective breeding
because poultry birds have achieved significant changes
in growth performance in the last 40 yr.

Practically speaking, the question of how long the fer-
tile eggs can be held at a particular temperature before
incubation and yet be capable of developing into normal
chicks is of economic importance to the poultry industry
and has been the subject of many studies throughout
the years; these are summarized in Table 3.

These studies have led to the common notion that
lower storage temperature slows down embryo deterio-
ration through a slower advancement of development
and maintained cell viability (Table 2), which in turn
makes them more suitable for longer storage periods
with better SRD and hence, improved hatchability.

Storage Duration

In parallel to storage temperature, storage duration
from oviposition to incubation is also paramount for
embryonic SRD. Asmundson (1947) demonstrated that
the hatchability of eggs that are cooled prior to incuba-
tion is higher than for eggs that are incubated immedi-
ately after laying. Several other studies have also shown
that a few days of storage is advantageous in terms of
hatchability (Funk et al., 1950; Ishaq et al., 2014),
although the reason for this is not entirely understood.
It might be due to changes in the embryonic microenvi-
ronment following storage: while the embryo is in the
uterus, the environment is hypoxic, and after a few days
of storage, eggs adjust to normoxic conditions. The tran-
sition of the egg from hypoxic to normoxic conditions is
reflected in changes in albumin pH. In general, due to
the release of carbon dioxide from hypoxic eggs during
the first few days of storage, the buffering capacity of
albumin is at its weakest between pH 7.5 and 8.5,

Table 3. Relationship between storage duration and storage temperature.

Storage duration (d) Storage temperature (°C) References

21 to 34 7.3 to 10 Moran, 1925

21 to 34 10.0 to 12.8 Scott, 1933; Olsen and Haynes, 1948; Funk and Forward, 1960
7 and 21 15.5 £ 0.5 and 10.5 £ 0.5 Proudfoot, 1968

2, 8 and beyond 14

short- and long-term
1to3,4t07,>7,and >13
short- and long-term

18,15, and 12

15 to 16 and 10 to 11

20 to 23, 15 to 18, 12 to 15, and 12
18 and 12

Kirk et al., 1980; Olsen and Haynes, 1948; Funk and Forward, 1960
Reinhart and Hurnik, 1976

Thullett, 2009

Pokhrel et al., 2018
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leading to a rapid increase in pH (Lapao et al., 1997;
Karoui et al., 2006). However, injection of buffer into
the albumin maintained the pH at 8.2, and the hatch-
ability of fertile eggs was found to increase
(Akhlaghi et al., 2013). These studies demonstrated that
a few days of storage is sufficient to achieve pH 8.2, and
a further increase in pH accompanied by additional days
of storage correlated with a negative effect on hatchabil-
ity. In agreement with this, several studies have men-
tioned optimal hatchability between 4 and 7 d, with a
slight decrease up to 10 d and a rapid decline beyond
that (Mayes and Takeballi, 1984; Fasenko et al., 1992;
reviewed by DBrake et al., 1997; Mayes and Take-
balli, 1984; reviewed by Brake et al., 1997; Ishaq et al.,
2014). However, in addition to the changes in albumin
pH, changes in the biological state of the embryos follow-
ing prolonged duration of diapause are also needed to be
uncovered and associated with the hatchability trend.
To maintain hatchability even after an extended
period of diapause, it is recommended to store eggs at a
lower temperature (Brake et al., 1997; Table 3). For
instance, for fertile broiler breeder eggs, the optimal
hatchability (89.7%) of eggs stored for 4 d declined to
72.2% when stored for 14 d (Mather and Laughlin, 1976;
reviewed in Fasenko, 2007). Accordingly, a recent study
in young broiler flocks (32 wk) showed 79% hatchability
for fresh eggs that increased to 90.78% and 88.23% after
7 d of storage at 18°C and 12°C, respectively
(Pokhrel et al., 2018). However, beyond 7 d of storage at
18°C, hatchability decreased to 75%, 55%, and 17% after
14, 21, and 28 d, respectively, whereas for the same dura-
tion of storage at 12°C, hatchability was maintained at
88%, 78%, and T1%, respectively. Similar results were
obtained for an old flock (63 wk of age) (Pokhrel et al.,
2018). These data show that hatchability increases fol-
lowing short-duration storage and decreases as the
length of the holding period is further increased, espe-
cially beyond 1 wk. Moreover, there is a general relation-
ship between storage temperature and time; higher and
lower storage temperatures favor short and longer dura-
tion storage, respectively (Olsen and Haynes, 1948;
Proudfoot, 1968). The underlying mechanism for this
relationship may be reduced cell death (Table 2), main-
tenance of cellular architecture, and less advancement of
development during prolonged storage at lower temper-
ature, as opposed to storage at a higher temperature.
The main aim of prolong storage duration is to main-
tain  SRD characteristics. However, hatchability
decreases following prolonged storage within the DW,
highlighting alterations in the egg's physical characteris-
tics and biological state during and after storage. Impor-
tantly, the solution to this storage-related problem may
be the acquisition of proper managerial decision of egg
storage based on specific purpose; if hatchery requires
egg storage for short-period, then a decision of storing
eggs at higher or lower temperature is beneficial, while
for longer period, storing them at lower temperature is
advantageous. Considerably, results from previous stud-
ies have already provided solid evidence that the

managerial decision of calibrating the storage tempera-
ture to a required storage duration (Table 3) can maxi-
mize vitality of post-diapause embryos.

RH

Although clearly important in preventing water loss,
RH is not considered to be as important as temperature,
because its impact on hatchability is limited
(Reijrink et al., 2008). Dehydration, due to loss of water
through evaporation, may occur if the eggs are stored
under insufficiently high RH conditions for a prolonged
period, and this might increase the osmolarity of the
embryonic microenvironment. A recent study recom-
mended 50 to 60% RH for up to 10 d of egg storage
(Schulte-Driiggelte, 2011). Moreover, storage at higher
humidity, up to 80%, is not harmful (Lapao et al.,
1997), but above this level, the growth and spread of
bacteria and mold are likely to become a problem
(Schulte-Driiggelte, 2011). For long storage duration,
relatively higher humidity conditions (70—80%) are
advantageous, as moisture loss is decreased and hatch-
ability increases (Brake et al., 1997). Importantly, water
loss due to suboptimal RH is not only detrimental dur-
ing egg storage but might also affect normal embryogen-
esis during the post-diapause period, resulting in
embryonic mortality (Noiva et al., 2014).

CONCLUSIONS

Early stages of avian embryos have the potential to
undergo diapause at low temperature. Based on the
evidences provided in this review, the DW is limited
to 12 h of embryonic development following oviposi-
tion, which is approximately 32 to 34 h of embryonic
development from fertilization (Figure 3A). Specifi-
cally, embryos during this period are within blastula-
tion to early-gastrulation stages, and these stages are
relevant to the poultry industry for defining appropri-
ate storage conditions. For embryos that are at this
window range, the storage temperature of “12°C bene-
fits the short or long durational storage (Figure 3B)
because the DW criteria are maintained at this tem-
perature, that is less development advancement
(within blastulation to early gastrulation), maintained
cellular architecture, arrested G2 and M phase cell
cycle, reduced cell death, and perhaps retained plurip-
otent state. As a result of these preserved DW criteria,
the SRD characteristics of embryos are unaffected.
Conversely, for embryos at advanced development
stage beyond the DW, the storage temperature of 12°C
does not preserve the SRD characteristics. Tempera-
tures around 18°C is beneficial to higher staged
embryos because their SRD characteristics are not neg-
atively affected at this temperature (Figure 3C). Future
investigations are needed to explore the changes in DW
criteria that benefits SRD characteristics of higher
stage embryo at higher temperature. Based on the
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Figure 3. Schematic representation showing the effects of diapause conditions on diapause developmental window (DW) criteria and successful
resumption of development post-diapause. (A) Diapause development window. Following 20—22 h after fertilization (haf), eggs are laid. Freshly laid
eggs are at blastulation stage between X-XIII EG&K. After 12 h of heating the eggs, i.e. 32—34 haf, embryo are at stage between XIII EG&K-stage
3. Altogether DW is open up to 12 h of development after oviposition. Due to PSI treatment for more than 12 h, embryos are at mid to late gastrula-
tion stage and DW closes. (B) Effects of diapause condition on DW criteria. The important DW criteria include the development stage (X EG&K-
stage3), cell number (30,000 to 130,000), cytoarchitecture (single epithelial layer with hypoblast and PI cells) and pluripotent state. During diapause
at 12°C, embryo developmental stage is less progressing, cell viability is maintained, cytoarchitecture is preserved, yet to date, pluripotent state of
embryo is unknown. Whereas at >18°C, these corresponding DW criteria are negatively affected. However, following heating the eggs for more than
12 h, the effect of these temperatures on above criteria are yet to be discovered. (C) Successful resumption of development post-diapause. Embryos
that are within the diapause window can successfully recover development (SRD) following prolonged diapause at 12°C, compared with 18°C.
Whereas, after the DW is closed, embryo diapause at 12°C negatively affect SRD. SRD characteristics of advanced stage embryo following their dia-
pause at 18°C is yet to be evaluated.
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