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Abstract

Background: Birds are the group of tetrapods that exhibit the greatest diversity in taxonomy and ecology. Limb
development is a major focus of developmental and evolutionary biology research.

Aim: This study characterized the variances in histomorphometry of skeletogenesis in precocial embryos, such as
Japanese quail (Jq) and Cochin chickens (Cc), and altricial embryos, including Racing pigeons (Rp) and Cockatiel
birds (Cb).

Methods: Six embryos were collected on days 8, 10, 12, 14, 16, and 18 of incubation. Three embryos were prepared
and stained with Alcian Blue for chondrification and Alizarin Red for ossified bones. The remaining three embryos
were subjected to histological evaluation.

Results: Initial signs of ossification appeared in the femur, tibiofibular, and humerus bones of Jq, Rp, and Cb embryos
on day 8 and in the bones of Cc on day 10. The statistical study revealed that embryos of different developmental
days had considerable variations in average ossified lengths for the humerus of the forelimb, especially Rp, and the
femur of the hindlimb, notably in Jq. On day 8, microscopic examination revealed a hypertrophic area with enlarged
chondrocytes in the middle and sides of the diaphysis. Osteoblasts significantly augmented the periosteal bone collar
around the mid-diaphysis, enhancing its thickness toward the diaphysis center; by day 16, the primary woven bone
had developed.

Conclusion: This study highlighted the growth rate of the hind limb in precocial embryos, particularly in Jq, which
was higher than that in other embryos. These data serve as essential indicators and indispensable parameters for
interpreting and elucidating the data collected in these studies.

Keywords: Avian embryo, Chondrification, Limb development, Osteogenesis, Skeletogenesis.

Introduction

Birds modify the shapes of their limb bones to
withstand the forces generated during movement
(McGuire et al.,, 2020). Both developmental and
evolutionary biology now consider the process of limb
formation in vertebrates, with a significant focus on
evolutionary biology on the transition from the fin to
the limb (Sears et al., 2018; Watanabe, 2018). Birds
are the group of tetrapods that exhibit the greatest
diversity in taxonomy and ecology (Xu et al., 2014).
The forelimbs (FL) have evolved into wings primarily
for flight, while the legs serve as a mechanism
for bipedal movement (Gillian, 2000; Watanabe,
2018). Some studies indicate that altricial birds are
distinguished by the swift early maturation of “supply”
organs, including digestive systems. Conversely,
precocial birds have accelerated the early development
of many “demand” tissues, including the muscular,
nervous, skeletal, and feathers (Dial and Carrier, 2012;

Augustine et al., 2019). The morphological process of
embryonic development is responsible for the majority
of skeletal features in the avian limb. Nevertheless,
certain morphological alterations, such as fusion and
distortion of the skeletal structure, occur during the
latter stages of development or after hatching (Seki et
al., 2012). Birds develop and increase the size of their
bones through intramembranous and endochondral
ossification (Nie et al, 2019). Endochondral
ossification is the process by which mesenchyme cells
convert into cartilage templates and then into bones. On
the other hand, intramembranous ossification involves
the direct conversion of mesenchyme cells into bone
tissue (Ahmed and Soliman, 2013). Osteogenesis,
also known as ossification, is a biological process
involving the formation of new bone. Chondrogenesis
is the initial stage of skeletal development. It occurs
during embryonic development in the early phases of
somitogenesis and leads to the formation of the first
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skeletal bones (Gao ef al., 2018). Bone growth forms
the body scaffold through a series of synchronous
actions. During maturation, the bone and the
surrounding environment, which includes Schwann,
endothelial, and inflammatory cells, remain active
throughout adulthood, facilitating the return of tissue
to its homeostatic functioning condition (Salhotra et
al., 2020). Appositional development occurs inside the
periosteal plate, and interstitial cartilage growth in the
epiphyseal plate is responsible for bone growth (Gao
etal.,2018; Li et al., 2024). The developing embryo’s
somatic mesoderm is responsible for producing
the skeletal components of the limbs. The somatic
mesoderm originates from a single layer of the lateral
plate mesoderm during the ontogenetic development
process. As a result, the celom divides into two distinct
layers (Prummel et al., 2020). Although a substantial
amount of information is available on these systems,
the mechanism responsible for producing the distinct
skeletal structure and arrangement of limbs in birds
is still not well understood (Seki et al., 2012). During
adulthood, bone remodeling is a regulated and balanced
process involving osteoclasts, which break down
bone, and osteoblasts, which build new bone. This
process helps maintain bone homeostasis (Regatta and
Artridge, 2010). During embryogenesis, osteoblasts
release a matrix, some of which embeds inside newly
created bone. Then, they change into osteocytes, which
help bones grow through ossification that occurs inside
or outside the membrane (Chan et al., 2021). Bone
homeostasis is an intricate process in which osteoclasts
break down bone and generate new bone tissue. Precise
control and coordination of this process are crucial
for preserving bone integrity (Al-Agele ef al., 2021).
Osteoclasts are large, multinucleated cells originating
from hematopoietic cells in the bone marrow. They
play crucial roles in preserving the equilibrium of
the skeletal system and producing blood cells (Ikeda
and Takeshita, 2016). Multiple intricate functional
and evolutionary aspects impact the formation and
development of bone, which is a very intricate structure.
For birds, this involves the difficulty of adapting their
skeleton to both flying and walking on land, namely the
requirements of supporting their weight while perching
(Wu et al., 2022). The gross anatomy of flightless avian
species has been the subject of several studies and/or of
other flighting avian species. Using an avian embryo as
an experimental model in embryology offers benefits
such as smaller size, faster prolificity, and precocity.
Therefore, a list of natural embryonic developmental
phases can serve as a normal control for conducting
and assessing research using avian embryos and
skeletal mutants. Thus, information about the normal
stages of skeletogenesis in bird species is essential for
understanding and interpreting data from embryology,
developmental engineering, and teratology experiments
(Kiirtiil et al., 2009). Furthermore, numerous studies
have routinely examined the pre-hatching development

of the avian skeletal system (Pourlis er al., 1998;
Kirtil et al.,, 2009; Wu et al., 2022). However,
histomorphometric investigations of bone development
in flightless avian species have been limited, and their
structural variances have been compared with those
of other flight avian species. Therefore, this study
aimed to determine the timing of chondrification and
ossification in the FL and hindlimb (HL) bones and
to compare these findings across different types of
precocial embryos [Japanese quail (Jq) and Cochin
chicken (Cc)] and altricial embryos [racing pigeons
(Rp) and cockatiel birds (Cb)].

Materials and Methods

Experimental design

Fertilized eggs from each bird species, including
Rp, Cb, Jq, and Cc embryos, were collected within 6
hours postlaying and kept at 15°C for approximately
5 days. The eggs were incubated in an incubator at
a temperature of 37.7°C + 0.2°C and 70% relative
humidity. Six embryos were collected on days 8§,
10, 12, 14, 16, and 18 of incubation. Three embryos
from each day of incubation were prepared and
subjected to double staining with Alcian Blue (AB)
for chondrification and Alizarin Red (AR) for ossified
bones. The remaining three embryos were subjected
to histological evaluation. Embryos were collected for
skeletal staining on days 8, 10, 12, 14, 16, and 18 of
incubation, contingent upon the duration of incubation.
Principal steps of double-staining of the embryonic
skeleton

The experimental embryos were double-staining with
ABand AR for cartilage and ossified bones, respectively.
This was done as stated by Nakane and Tsudzuki (1999).
The initial stage of the evisceration process involved
elimination of the thoracic and abdominal cavities. The
samples were immersed in 90% ethanol for 7 days.
Cartilage staining was performed using samples that
were fully submerged and transferred into a solution
of 0.01% AB, which was made using a mixture of 70
ml pure ethanol and 30 ml glacial acetic acid at a ratio
of 7:3. Rehydration involved immersing the specimens
twice in a 95% ethanol solution for 2 hours each. Each
sample was then immersed in sequential baths with
decreasing ethanol percentages: 75%, 40%, and 15%
for 2 hours each. The embryos were washed in many
rounds of distilled water for 2 hours. Clearing: the
samples were immersed in a solution of 1% potassium
hydroxide until the skeletal system of the embryo
became visible. Bone staining: the specimen was
immersed in a 0.001% aqueous solution of AR for 3
days. Next, the specimen was washed for 3 hours in a
1% potassium hydroxide solution. During the clearing
and dehydration process, the items were subjected
to increasing concentrations of glycerol in a solution
containing 1% potassium hydroxide for 24 hours at
each stage. The item was immersed in pure glycerin for
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long-term preservation. To inhibit mold growth, thymol
crystals were introduced into the storage solution.
Statistical analysis

All graphs were created using GraphPad software
(Prism 6), and the results were presented as the mean
+ SE using Excel software. The data collected by
measuring the length of the ossified area as well as the
data generated by measuring the entire length of the FL
and HL using Fiji image software as described by (Al-
Agele, 2020; Kadhim et al., 2023; Nasser et al., 2024)
were analyzed by two-way ANOVA methods using
GraphPad software (Prism 6). The statistical analysis
of significant differences was used for comparisons in
all studies, and the threshold for significance was set
at p <0.05.

Ethical approval

This study was carried out following the strictest
standards regarding the main rules of care and the
use of animals in research. The experiment was
conducted according to the guidelines of the College
of Veterinary Medicine, University of Diyala Animal
Experimentation Ethics Committee (No. VM 154.
October 2023. 1&R) dated on 1/10/2023.

Results

Morphometric data

Sequential bone development was indicated by
staining embryonic skeletons with AB, which imparted
a blue hue to the chondrification zone, and AR, which
rendered the ossification area red, as illustrated in
Figure 4. AB staining indicated the transition from
chondrification, denoted by blue, to ossification (red)
in both the FL and HL skeletons. Table 1 presents
the average measurement times (mean + SE) for the
development of the HL bones. The ossified length (O
Le), region in red, and total length of the femur bone (F

Le). Additionally, the next calculation determines the
ossified proportion (O Pr) by dividing the ossified area
by the femur length at different stages of development,
specifically E8, E10, E12, E14, E16, and E18.
Statistical analysis data

Statistically significant differences were observed in
the skeletogenesis of the humerus and femur bones.
Several statistically significant changes (p < 0.05)
were identified regarding an increase in the length of
the ossified region of the humerus with an increase
in the incubation duration. All experimental birds
showed significant changes with increasing length of
the ossified region, which correlated with increasing
duration of egg incubation (Fig. 1). Figure 2 illustrates
the significant changes observed with increasing femur
ossified region length. The lengths of the ossified
humerus and femur bones of all four experimental
birds was analyzed statistically. Figure 3 shows that
the length of the humerus ossified region significantly
changed with the time the eggs were incubated, with
the results being observable in the Rp and Cc. On the
other hand, the Jq ossified region of the femur differed
significantly from that of the other three experimental
birds.

Macroscopical results

This study found that on day 8 of incubation, staining
the embryonic skeleton of Rp embryos with AB and
AR highlighted the ossified area to turn red and the
cartilaginous sections to turn blue (Fig. 4). These
observations revealed that the ossified area had begun
to form during the bone shift. Ossification of the ulna,
radius, and humerus began (Fig. 4). The tiny center near
the diaphysis shows an ossified portion with a reddish—
brown tint. There is also a hint of a blue tint in the first
phalanx of the alular digit. However, Cc did not show
any signs of red staining, which were observed by day

Table 1. Morphometric data presented as (mean + SE) in (mm) for the development of the hind limb bones. It shows the ossified
length (O Le) and the overall length of the femur bone (F Le). It further computes the ossified proportion (O Pr) for various
developmental stages (E8, E10, E12, E14, E16, E18), (N =3 on each stage).

Embryo Type  Traits ES8 E10 E12 E14 E16 E18
Precocial Jq OLe 0.64+038 128+028 272+0.16 4.10+027  5.18+0.08 6.12+0.12
embryos Fle 512+£0.07 673+£0.09 6.99+0.09 10.13+0.17 1248+0.48 12.70+0.42
O Pr 0.13 0.19 0.39 0.40 0.42 0.48
Ce OLe 0444025 1.01+£0.10 222+0.16 44+0.21 7.13+0.57 7.96 +0.23
FLe 2.09+£0.04 341+£021 5.85+£044 699+0.54  7.85+043 8.19+0.34
O Pr 0.29 0.36 0.47 0.51 0.65 0.72
Altricial Rp OLe 0.62+036 1.25+026 2.76+0.14 3.52+025 5.12+0.06  5.95+0.10
embryos Fle 411+£0.06 503+£0.07 6.06+0.12 6.57+0.24 7.49 +0.25 8.33 +0.28
O Pr 0.15 0.24 0.45 0.53 0.68 0.71
Cb OLe 048+027 0.68+021 126+0.12 2.01+0.04 246+026  3.72+0.10
FLe 46+0.05 493+0.08 591+0.10 6.39+0.07 729+0.10  7.97+0.07
O Pr 0.10 0.14 0.21 0.31 0.34 0.47
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Fig. 1. Graphs showing the significant difference in the total length (blue color bars) and the length of the ossified part (red color
bars) of the humerus for three embryos per day for 8, 10, 12, 14, 16, and 18 days of incubation of Rp (A), Cb (B), Cc (C), and Jq

(D). The data are presented as (mean + SE) at p < 0.05.

10. This study found that on the teen day of incubation,
staining the embryonic skeleton of Cb embryos with
AB and AR caused the ossified area. Tarso-metatarsals
I, III, and IV exhibit blue staining in the FL, whereas
tarso-metatarsals II, III, and IV exhibit red staining in
the HL. The carpi and metacarpi combine to form the
composite carpometacarpal. After the pectoral girdle
and wing components completed their development,
the ossification component entered the extremities
of the elements. The alular digit’s second phalanx
underwent blue staining. This study showed that
staining the Rp embryo skeletons with AB and AR on
day 12 of incubation caused an ossified area of the ulna,
radius, humerus (FL), femur, and tibia (HL), which
underwent ossification. Ossification of the ulna, radius,
and humerus ulna (FL), femur, and tibia (HL) occurred
on the 14th day of incubation of Jq embryos. On day
16 of incubation, staining the embryonic skeletons of

Rp embryos revealed ossified regions where the 2nd
phalanx of the alular digit underwent ossification. This
study revealed that metacarpalss III and IV of the FL
exhibited a faint red stain at their middiaphyseal region,
indicating the onset of ossification. On the 18th day of
incubation, staining the embryonic skeletons of Rp
embryos revealed an expansion of the ossified region,
as shown in Figure 4. The ulna, radius, and humerus
(FL), as well as the femur and tibia (HL), undergo
ossification.

Microscopical results

The present study revealed that on day 8 of incubation,
the cartilage template started to take on the shape of
the potential humerus, complete with the middiaphysis
and epiphyses at the end. The epiphyseal area was
filled with tiny chondrocytes that were randomly
dispersed throughout the extracellular matrix. These
chondrocytes were observed in Rp, Jq, and Cb, which
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Fig. 2. Graphs showing the significant difference in the total length (blue color bars) and the length of the ossified part (red color
bars) of the femur for three embryos per day for 8, 10, 12, 14, 16, and 18 days of incubation of Rp (A), Cb (B), Ccs (C), and Jq (D).

The data are presented as (mean + SE) at p < 0.05.

were observed in very few areas in Cc embryos. These
chondrocytes ranged in size from round to oval. The
hypertrophic zone, which was composed of large
chondrocytes, was observed in the middle of the
diaphysis, as well as on both of the hypertrophic zone’s
boundaries. Additionally, the proliferative zone was
composed of chondrocytes. The inner cellular layer
of the perichondrium was differentiated into a few
osteoblasts on the 8th day. In the middiaphysis region,
where the chondrocytes had grown too large, these
osteoblasts deposited osteoid tissue in the form of a bone
collar on the 10th day. This caused the perichondrium
to gradually transform into the periosteum (Fig. 5). The
bone collar developed calcification on the 10th day. It
was shown that in the mid-diaphysis region, where
the chondrocytes had grown too large, the osteoblasts
deposited osteoid tissue in the form of a bone collar,
which caused the perichondrium to gradually
transform into the periosteal. The results showed that

osteoblasts started to form osteoid tissue using the
cartilage matrix as a base. Bone spicules began to
form at the beginning of endochondral ossification.
Consequently, these spicules interconnected, resulting
in the formation of bone trabeculac on day 12. On
the 14th day, the periosteal bone collar had more
osteoblasts depositing around the middiaphysis and
thickening toward the center of the diaphysis. Mature
osteoblasts become stuck in the matrix and change into
osteocytes, leading to the formation of primary woven
bone on day 14. Calcification of the trabecular bone
transpired on the sixteenth day. The endochondral
bone trabeculae were more fully developed when they
encountered the periosteal bone collar. They were
located throughout the middiaphysis of the humerus.
Changes in the development of long bones in the limbs
were observable as early as the 18th day of incubation.
These alterations caused the diaphysis to expand in both
length and width. During resorption, the osteoclasts
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at p <0.05.

dismantled the endochondral trabecular bone. This
event initiated the formation of the bone marrow cavity
in the middiaphysis on day 18.

Discussion

Anatomical study

HL calcification affects standing and movement
during embryonic development (Pourlis et al,
1998). However, the FL holds the body during flight.
Skeletons are the main body support. This study, which
examined the skeletogenesis of different bird embryos,
suggests that early embryonic skeletogenesis events
may vary within and between species (Li ef al., 2024).
The ground-dwelling Jq and Cc were compared in this
study. Both birds require strong HL to walk, run, and fly.
Nakamura ef al. (2019) reported that the HL, like the Jq

and Cc bones, ossifies faster. However, quail embryos
developed faster and matured when hatched. Wu et
al. (2022) reported that pigeons develop faster than
quails after hatching. This study demonstrated cartilage
ossification in the quail femurs and tibiofibular bones
on day 8 and in the Cc bones on day 10. Zorab and
Salih (2021) reported that HL ossified continuously
and progressively during embryonic development,
with most of them ossifying before hatching, consistent
with earlier studies (Nakane and Tsudzuki, 1999; Dial
and Carrier, 2012). Rp and Cb spend much of their time
flying. Thus, their FL must develop to generate flying
power. As shown in Figure 1, the order and duration
of chondrification and ossification for most FL and HL
bones in Cb, Jq, Rp, and Cc are given. The calcification
patterns of the FL, such as the humorous bone and HL
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Fig. 4. Skeletogenesis of precocial, including Jq embryos (A-AS) and Cc embryos (B-BS5) and altricial, including Cb embryos
(C-C5) and Rp embryos (D-D5) illustrates the area of ossification in the embryo subjected to double staining with (AB) for
chondrification and (AR) for ossified bones on days 8, 10, 12, 14, 16, and 18 of the incubation period. The ulna, radius, and
humerus initiate ossification on day 8 in all embryos, except Cc embryos on day 10. The small, reddish-stained center near the
diaphysis is the ossified portion (black arrows). Staining showed intense staining of the embryonic skeleton on the 18th day of

incubation. The ulna, radius, and humerus ossify in the FL, whereas the femur and tibia form in the HL.

femur, showed variances in the skeletogenesis order
of ossification. The embryonic bones of the Cb and
Rp embryos showed calcification far later than those
of humorous on Jq. However, Jq embryos form these
bones, which are calcified later than normal bones. This
calcification delay occurs between the terminal and first
phalanges. Comparing a bird’s FL and HL on the bone
morphology and embryonic skeleton staining showed
that Jq and Rp had different embryonic development
patterns and hatching skeletal development rates.
Different skeletal development rates explain these
disparities in precocial and altricial embryos (Wu et al.,
2022). In contrast to other developmental features, the
typical ossification sequence pattern is consistent. This
is true even when FL and HL features evolve differently
(Wu et al., 2022). This is also true for precocial and
altricial birds (Wei and Zhang, 2019). These findings
suggest that animal locomotion is linked to limb-bone
mechanical performance (Gillian, 2000). Jq hatchlings
have completely formed HL, according to Nakane and
Tsudzuki (1999). Pigeons prefer to fly but can dig and

feed on their back legs. This shows that the hatching
Cc and Jq have different geometrical and mechanical
femur bones than Rp and Cb. Wu et al. (2022) found
stiff bone tissue in hatching quails. In reality, Jq,
especially domesticated ones, are ground-dwellers, and
their HL is essential for walking, running, and flying
(Liet al., 2024).

Histological study

The findings showed that by day 8, the hypertrophic
zone was characterized by larger chondrocytes situated
in the middle of the diaphysis and on each side of
the hypertrophic zone. These results correspond with
those of Zorab and Salih (2021), who reported that
ossification in the humerus occurred on the 8th day.
However, Nakane and Tsudzuki (1999) and Nishimura
et al. (2012) reported that the first ossification center
of these bones was observed on day 7. Additionally,
Pourlis and Antonopoulos (2011) documented an
extraordinary early ossification of these bones on the
sixth day. However, these indicate potential species
variance within the same genus, or that discrepancies
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Japanese quail ing pi Cockatiel bird

Fig. 5. A photomicrograph images of H & E stained tissue sections showing skeletogenesis of limb embryos, (A-AS) Jq embryos,
(B-B5) Cc embryos, (C-C5) Rp embryos, (D-D5) Cb embryos, of 8, 10, 12, 14, 16, and 18-day-old embryos. The hypertrophy
zone, characterized by larger chondrocytes (ch) and associated with the formation of the cartilage canal (cc), primary ossification
center was located in the center of the diaphysis, Cartilage canal (cc); as the embryo progressed, the trabecular bone (tb) and bone
collar (bc) forming in the center the medullary cavity (mc), these bony structures started to become visible, which were surrounded
externally by the periosteum (p). (10x, H&E).

in these data may be attributable to factors such as tissue embryos, which is analogous to those published
strain, health, age, diet, and management. The inner by Zorab and Salih (2021), who indicated that an
cellular layer of the perichondrium differentiated into intramembranous process immediately ossified the
osteoblasts by the 8th day in all experimental skeletal slender U-shaped clavicles on day 9. Some studies such
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a, such Pourlis and Antonopoulos (2011), and Nakane
and Tsudzuki (1999), stated were conducted seventh
and eighth days, respectively. The first phalanx of the
first digit remained cartilaginous during preaching, a
conclusion corroborated by Zorab and Salih (2021) in
quail. Throughout the 10th day of incubation distinctly
identified the condensation cells inside the deep
avascular layer of the mesenchyme, noting a central
core of rounded cells encircled by a layer of elongated
cells. These results correspond with the work of
Ahmed and Soliman (2013), who noted morphological
alterations at this stage, characterized by enlargement
and rounding of the cell body, whereas the cells inside
the aggregate displayed traits of osteoprogenitor cells.
Kirtiil et al. (2009) previously showed that these
cytological alterations lead to developed osteoblasts
that release collagen and osteoid. The inner cellular
layer of the perichondrium differentiated into
osteoblasts by the 10th day in all embryos of Cb, Rp,
Jq, and Cc, on 12th days, the mid-diaphysis area, where
the chondrocytes had hypertrophied, the osteoblasts
deposited osteoid tissue, forming a bone collar, and
the progressive transformation of the perichondrium
into the periosteum. This observation is consistent
with the findings of Wu et al. (2022), who highlighted
similar alterations in quail embryos over 10 days. The
developed normal osteoblasts secrete a matrix that
isolates rounder cells from one another in the middle
region of the condensation. The matrix was osteoid,
and the cells produced were osteoblasts. This suggests
that throughout bone tissue creation, osteoblasts
produce and deposit type 1 collagen, the principal
protein component of the bone matrix (Shapiro, 2008).
Additionally, Pourlis e al. (1998) stated that the newly
formed tissue undergoes vascularization, and the
aggregated mesenchymal cells enlarge and become
rounder, signifying that the cytological alterations
lead to the differentiation of osteoblasts, which release
collagen and osteoid matrix. On 14th day of incubation,
osteoblasts were significantly augmented, and the
deposition of the periosteal bone collar around the
mid-diaphysis increased its thickness toward the center
of the diaphysis. This finding is inconsistent with the
observations of Pourlis and Antonopoulos (2011)
and corresponds with the study of Li er al. (2024),
which demonstrated that osteoblasts not only generate
osteoid matrix but also significantly contribute to its
mineralization. This suggests that mature osteoblasts
anchored inside the matrix differentiate into osteocytes.
The ossification of the phalanx was observed on the
14th day, in contrast to Nakane and Tsudzuki et al.
(1999) in Jq, who noted it on the 16th day. On the 16th
day, mature osteoblasts were lodged in the matrix and
differentiated into osteocytes, resulting in the formation
of primary woven bone. Calcification of trabecular
bone. The endochondral bone trabeculae continued
to synthesize until they fused with the periosteal bone
collar, encompassing the whole middiaphysis of the

humerus and establishing the principal ossification
center (Wu et al., 2022). Chondrocytes mineralize their
surrounding matrix, providing a framework for the
production of trabecular bone. They can also induce
a bone collar, which is the precursor to cortical bone,
in the neighboring perichondrium (Blumer, 2021).
Shapiro (2008) reported that the collar gradually
extended toward the proximal and distal epiphyses of
long bones, ultimately encompassing the whole new
bone. These findings suggest that ultimately, cartilage
rods undergo erosion and alteration, resulting in the
formation of the medullary cavity. Zorab and Salih
(2021) reported that as the osteoid collar expands
towards the ends of the long bone, the middiaphysis
undergoes additional mineralization and converts into
lamellar bone. Additionally, Li et al. (2024) reported
that the long bones of the limbs undergo radial growth
in the diaphysis. This expansion of growth occurs in
the cortical bone via the formation of osteoblasts in
the innermost coating of the periosteum (Al-Agele
et al., 2019). Furthermore, Shapiro (2008) revealed
that a growing long bone comprises the epiphysis and
metaphysis at both ends, with the diaphysis positioned
in the center. The present investigation identified
dense, randomly oriented regions of chondrocytes,
particularly within hypertrophic and calcifying zones.
This suggests that observable chondrocyte divisions
indicate progressive thickening of the growth plate,
resulting from the ongoing generation of residual
chondrocytes and proliferation in adjacent zones,
whereas the hypertrophic zone exhibits prominent,
large chondrocytes within lacunae, interspersed by a
dense matrix. The chondrocytes were clearly visible
in the terminal zone next to the ossified regions. On
day 18, the deceased chondrocytes were substituted
by osteoids, which were secreted by osteoblasts and
transported via substantial blood arteries inside the
bone marrow, as stated by Prondvai et al. (2020). In
the future, its essential to undertake additional efforts
to provide a comprehensive investigation of this issue,
including multitissue examinations of nerves and/or
muscles, as well as cross-species relative genes.

Conclusion

In conclusion, the present study provides
histomorphometric data that reveal distinct patterns
of embryonic skeletogenesis in precocial (Jq and Cc)
and altricial (Rp and Cb) embryos. Morphometric
examination of the ossified segments of the femur and
humerus revealed that the length of the ossified region
increased during the incubation period. The variations
in ossification and chondrification were particularly
evident in Jq. All bones in the FL and HL were
ossified during incubation, except the patella. These
findings may have practical implications, highlighting
that HLs develop more rapidly than FLs in quail and
other precocial embryos. Comparative embryological
investigations across many species and features have
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assembled considerable data on the timing of initial
developmental events. To examine and comprehend the
data gathered in this study, these statistics are crucial
indicators and elements.
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