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Morphological, radiographic, et

three-dimensional computed tomographic,
and histological features of the primary
upstroke and downstroke muscles and bones
in the domestic duck (Anas platyrhynchos
domesticus) and the cattle egret (Bubulcus ibis,
Linnaeus, 1758), reflecting the evolutionary
transition towards the irreversible flightlessness

Hanaa M. El-Ghazali', Ahmed Abdelbaset-lsmail?’, Nehal I. A. Goda® and Mohamed Aref’

Abstract

Background The purpose of this study was to explore whether domestication could lead to evolutionary changes
towards flightlessness in the domestic duck (Anas platyrhynchos domesticus) compared to the cattle egret (Bubulcus
ibis) as a nonflying and flying biological model, respectively. Bones of the pectoral girdle (scapula, clavicle, and cora-
coid) and the foramen triosseum were comparatively assessed using anatomical, radiographic, and 3D computed
tomographic (CT) studies. Additionally, the muscles pectoralis and the supracoracoideus were histologically and immu-
nohistochemically assessed.

Results Among the differences observed, radiographically, the distance between the paired clavicles was sig-
nificantly wider (p <0.05) in the domestic duck (mean=+SD 1.43+0.23 cm) compared with the cattle egret

(0.96+0.13 cm). Unlike cattle egrets, there was no connection between the sternum and the hypocladium of furcula
in domestic ducks. The scapula, clavicle, coracoid, sternum, and humerus were considerably longer in domestic ducks
than in cattle egrets. The foramen triosseum appeared significantly (p <0.01) wider in domestic ducks (0.7 +1.17 cm)
compared to cattle egrets (0.49+0.03 cm). Histologically, compared to cattle egrets, the muscle fibers in domestic
ducks were loosely connected and contained fewer nuclei and perimysial/endomysial spaces. A higher myoglobin
expression was evident in cattle egrets compared with domestic ducks.
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Conclusions Results of this study indicate that the bones and muscles of the pectoral girdle generally show specific
morphological and structural changes reflective of the loss of prerequisites associated with flight behavior in domes-
tic ducks due to domestication effects compared to cattle egrets.

Keywords Domestic duck, Cattle egret, Domestication, Flightlessness, Anatomy, Radiography, Computed

tomography, Histology

Background

Birds can be classified according to their flying ability
into two broad categories, non-flying (flightless) and fly-
ing birds [1]. Flightless birds have lost, through evolution,
the ability to fly. There are two main differences between
non-flying and flying birds, including poorly developed
wing bones and the absent or significantly reduced carina
(keel) of the sternum (breastbone) [2]. The cattle egret
(Bubulcus ibis, Linnaeus, 1758) is a universal species of
herons belonging to the Ardeidae family and commonly
lives in warm countries in agricultural areas and near
the water [3]. In Egypt, it is also called “Abu-Qerdan” or
“Farmer’s Friend” [4]. They are often seen in the fields
on the backs of cattle, buffaloes, or other large animals,
hunting ticks and flies [3].

Of the non-flying birds, despite their ancestral spe-
cies, many domesticated birds including the domestic
duck (Anas platyrhynchos domesticus) have lost the
ability to fly for extended periods [5]. As reported, the
adaptation of birds to the occasional lifestyle could lead
to some morphological changes in their musculoskel-
etal system [6].

In birds, the pectoral girdle and associated muscles
including the pectoralis and supracoracoideus are the
primary apparatus used to operate the wings’ down-
stroke and upstroke during flying [7]. Functionally, the
pectoral girdle allows the body to withstand the move-
ments of wing strokes and transfer force to the sternum
and provides an extra anchoring surface for the flight
muscles [8]. Moreover, it also provides wings with the
strength and range of motion during flight [9]. Anatomi-
cally, the pectoral girdle of birds consists of the scapula,
clavicle, and coracoid. These three bones are articulated
together in the nearby epiphyses to form the so-called
foramen triosseum, where the tendons of flight muscles,
the pectoralis, and supracoracoideus muscles commu-
nicate [10]. The pectoralis and supracoracoideus are the
primary downstroke (depressor) and upstroke (elevator)
muscles, respectively, of the wings during the flight of
birds. The supracoracoideus is located deep in the pec-
toralis (pars thoracicus), and its highly oriented fascicles
originate from the dorsal half of the keel and the coraco-
clavicular membrane. Through the craniodorsal surface
of the triosseal canal, its tendon of insertion passes and
ultimately inserts onto the dorsoproximal aspect of the

humerus [8]. The pectoralis is a paired muscle located on
the ventral surface of the chest area. It arises mainly from
the lateral and caudal surfaces of the breastbone. In some
avian species, it is divided into two distinct parts: pars
sternobrachialis and pars thoracobrachialis. The aponeu-
roses of these two parts join laterally and insert onto
the ventral surface of the humerus [11]. Histologically,
the structure of both muscles varies based on the avian
flight capacity. Comparable to domestic chickens (Gallus
domesticus), the pectoral and supracoracoideus muscles
in the pigeon (Columba livia) showed microscopically
abundant myofibers and nuclei as well as wider perimy-
sial spaces separating the muscle fascicles [11]. In turkey
(Meleagris gallopavo) muscles, the myofibers are sur-
rounded by a thin collagen layer of the endomysium [12].
In ducks (Anseriformes) and pigeons (columbiformis), the
nuclei appeared elongated, whereas in chickens (galli-
formis) appeared oval and peripherally located under sar-
colemma [13, 14]. Despite there are several studies have
evaluated the avian flight muscles [11, 15, 16], however,
to the best of the authors’ knowledge, there is no infor-
mation regarding the comparative evaluation of the flight
muscles and bones in the domestic duck (Anas platy-
rhynchos domesticus) and the cattle egret (Bubulcus ibis).

Thus, the main purpose of this study was to describe,
for the first time, the anatomic, radiographic, computed
tomographic, and histological features of the primary
upstroke and downstroke muscles and bones in the
domestic ducks (Anas platyrhynchos domesticus) compa-
rably to the cattle egret (Bubulcus ibis).

Materials and Methods

Birds

A total of 20 clinically healthy adult birds of both sexes
[the domestic duck (Anas platyrhynchos domesticus,
n=10) and the cattle egret (Bubulcus ibis, n=10)] were
involved in this study. Ducks were purchased at private
local markets while cattle egrets were collected from the
field in the nearby villages in Sharkia governorate, Egypt.
All the birds were humanely transported in a ventilated
closet to the Faculty of Veterinary Medicine, Zagazig
University. Birds were housed in suitable cages under
specific conditions of controlled temperature and humid-
ity. Food and water were available ad libitum. Birds were
allowed to acclimatize for two weeks before starting the
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actual experiment. All methods were performed in
accordance with the relevant guidelines and regulations
of Zagazig University, Egypt with the approval of the
Institutional Animal Care and Use Committee (IACUC
approval # ZU-IACUC/2/F/234/2022) of Zagazig Univer-
sity. For these birds, the anesthesia was initially induced
using a confined box provided with halothane gas
(1-3 mL on a cotton ball per bird), and euthanasia was
then immediately obtained by decapitation using sharp
blades with complete loss of consciousness within 20 s
after removing the head and outflow of the cerebral spi-
nal fluid (CSF) from the severed spinal cord, as described
previously [17, 18]. All methods are reported in accord-
ance with ARRIVE guidelines [19].

Radiographic examination

Immediately after euthanasia, plain ventrodorsal radio-
graphic imaging was conducted to detect the appearance,
structures, and position of the pectoral girdle as well as
foramen triosseum using a conventional Toshiba Rotan-
ode x-ray machine (POX-300BT, Japan) with standard
radiographic parameters (50 kv, and 5 mAs) and object-
to-focal distance as described previously for the Peking
domestic duck [20].

Three-dimensional computed tomographic (3D CT)
imaging

Birds (three from each species) were examined using a
computed tomography (CT) imaging system (1.5-T heli-
cal CT scanner, GE, Hi-speed NX\I Dual slice CT, Japan)
as previously described in Peking ducks (Anas platyrhyn-
chos var. domestica) [21]. Each bird was ventrodorsally
(supine) or dorsoventrally (prone) positioned on the CT
table. The ventrodorsal, ventrolateral, dorsoventral, and
dorsolateral projections were performed to examine the
pectoral girdle bones and foramen triosseum in both
species.

Anatomical and morphometric analysis

We performed two measurements to determine the body
size: the body length (was measured from the tip of the
beak to the end of the rump using a graduated tape) and
body weight (was obtained using a digital scale). Imme-
diately after euthanasia, the birds were skinned and
eviscerated. Afterward, the specimens (pectoral girdle
containing muscles and bones) were collected, washed,
fixed in a mixture of 10% formalin, 3% glycerin, and 1%
thymol, and then dissected. The muscles and ligaments
related to the triosseum foramen were then grossly exam-
ined and identified. Bones of the pectoral girdle were
carefully dissected and prepared as previously described
[22]. The lengths of the bones forming the triosseum
foramen and the pectoral girdle (scapula, coracoids,
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clavicle, and humerus), and the sternum were also meas-
ured. Also, the distance between the paired clavicles
was measured using 3D CT scans of domestic ducks and
cattle egrets. The anatomical nomenclature was made
following Nomina Anatomica Avium [8] and Nomina
Anatomica Veterinaria [23] whenever possible.

Histology and immunohistochemistry

For histology [24], the specimens collected from M.
pectoralis and M. supracoracoideus were fixed in 10%
buffered neutral formalin and then dehydrated and
cleared in xylene. All specimens were then embedded
in wax paraffin and the obtained sections (5-um thick-
ness) were stained with a standard Harris’s hematoxylin
and eosin staining to examine their general histological
structure. For immunohistochemistry, the sections were
deparaffinized by xylene, re-hydrated, and then washed
with phosphate-buffered saline (PBS). After immersing
in a 0.3% hydrogen peroxide solution, the sections were
incubated in a 10% normal rabbit serum for blocking
the nonspecific binding sites of immunoglobulins. After
blocking, the sections were incubated with primary myo-
globin polyclonal antibody (Cat. No. LS-B16910; clone
aal-154, Lifespan Biosciences, Inc., WA, USA). After
washing, the sections were incubated with horserad-
ish peroxidase (HRP)-conjugated secondary antibody.
After incubation with the chromogen diaminobenzidine
(DAB) for 2—-4 min at room temperature, sections were
washed, then counterstained with Mayer’s hematoxylin,
dehydrated, cleared, and then mounted with Canada bal-
sam. All stained sections were examined by a standard
light microscope (Olympus BX 21) and photographed by
Canon PowerShot G10.

Histomorphometric analysis

The histomorphometric analysis was applied on six rep-
resentative fields per bird and analyzed using Image]
software (Fiji Image]; NIH) for the quantitative measure-
ments of 1) thickness of muscle bundles (um) of pectoral
and supracoracoideus muscles of cattle egret and duck
using H&E-stained photomicrographs atx100 magni-
fication, 2) area % of connective tissue within pectoral
and supracoracoideus muscles of cattle egret and duck
by using H&E-stained photomicrographs atx 100 mag-
nification, and 3) the number of nuclei per defined area
(400 um?) within pectoral and supracoracoideus muscles
of cattle egret and duck by using H&E-stained photomi-
crographs at X400 magnification.

Statistical analysis

Descriptive analysis was performed, and the obtained
data were displayed as mean+ SD. An unpaired 2-tailed
t-test was employed to compare the means of all
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morphometric measurements in domestic ducks and
cattle egrets. Data analysis was conducted with Prism
GraphPad Software-version 8 (GraphPad Software Inc,
California). For all analyses, statistically significant was
set at a value of p<0.05.

Results

Radiography and 3D computed tomography

Tables 1 and 2 show the statistically analyzed measure-
ments of the triosseum foramen and bones of the pec-
toral girdle in domestic ducks and cattle egrets. The
distance between the paired clavicles was significantly
wider (p<0.05) in domestic ducks (1.43+0.23 cm)
than that in cattle egrets (0.96+0.13 c¢cm). On 3D CT
scan images, the structures of the pectoral girdle and tri-
osseum foramen that were detected in a dorsolateral view
(Fig. 2), ventrodorsal and ventrolateral views (Fig. 5), dor-
sal, dorsolateral, and ventral views (Fig. 8) were identified
and labeled. On radiographs, the scapula, coracoid, clavi-
cle, humerus, and triosseum foramen were identified and

labeled (Fig. 3).

Gross anatomical findings

The statistical differences in the length of the sternum,
scapula, coracoid, humerus, and clavicle in relation to the
body length, as well as the width of triosseum foramen in
domestic ducks compared to cattle egrets, are depicted in
Fig. 1. The humerus of both species was considered one
component of the wing skeleton (Figs. 2 and 3).

Scapula

It was located dorsally at the lateral thoracic wall, par-
allel to the spine (Figs. 2 and 3). It appeared as a thick
semi-curved elongated flat bone in the domestic duck
(Fig. 2A), whereas in the cattle egret appeared as a thin
rod-like bone (Fig. 2B). It consisted of cranial and cau-
dal extremities and a shaft (Fig. 2C and D). The cranial
extremity was wider than the caudal one. The caudal
extremity was a thick rounded end in domestic ducks,
whereas it was a thin pointed end in the cattle egret
(Fig. 4A and B). The cranial extremity was found to form
articulation with the clavicle, coracoid, and head of the
humerus, forming furcular, coracoidal, and humeral pro-
cesses (Fig. 4A and B). The shaft appeared thinner at the
mid-shaft in domestic ducks than in cattle egrets, where
the width and thickness were approximately equal along
the shaft (Fig. 4A and B).

Coracoid

It was thick and long in shape and extended ventrally
from the shoulder joint to articulate with the sternum
by a concave elongated facet on its caudal end (Figs. 2
and 3). It consisted of two extremities and a shaft. The
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cranial extremity was narrower than the caudal one. The
caudal extremity was spatula-shaped in domestic ducks
whereas, in the cattle egret, it was extended laterally by
a thin concave plate (Fig. 4C and D). The cranial extrem-
ity was characterized by the presence of humeral, scapu-
lar, and acrocoracoid tuberosities, acromial process, and
supracoracoid groove (Fig. 4C and D). The acromial pro-
cess is connected with the clavicle by connective tissue.
The scapular tuberosity and coracoidal process of the
scapula shaped the glenoid cavity for the articulation of
the head of the humerus. Only in domestic ducks, the
medial coracoscapular and cranial coracoclavicular liga-
ments were originally attached to the acrocoracoid tuber-
osity (Fig. 4G).

Clavicle

The clavicles were a curved bones (Figs. 2, 3 and 4). It
appeared strap-like in cattle egrets and sickle-shaped in
domestic ducks (Fig. 4E and F). The pair of clavicle bones
was found fused ventrally to form the furcula, where a
small process called hypocladium was noted (Fig. 4E and
F). The hypocladium was connected to the sternum by a
fibrous joint in cattle egrets (Fig. 5A), but this connec-
tion was absent in domestic ducks (Fig. 5B and C). We
observed that the space between the clavicle and sternum
was filled with a membrane (Sterno-coraco-clavicular
membrane) that was fleshy-like in cattle egrets (Fig. 6A),
whereas it was thin elastic fibrous tissue in domestic
ducks (Fig. 6B).

Humerus

It was a long bone formed by the proximal and distal epi-
physes, and the diaphysis (Fig. 2). The proximal epiphysis
contained a large head that was ovoid in cattle egrets and
oval in domestic ducks (Fig. 7A and B). On either side of
the head, there were medial and lateral tuberosities. The
lateral tuberosity extended on the lateral surface forming
the deltoid crest and the medial one formed the medial
crest (Fig. 7A). Between the head and the medial tuber-
osity, the head groove was present. In cattle egrets, the
latter groove continued distally on the medial surface
of the humerus by the coracobrachial groove. The deep
pneumatic fossa contained a large pneumatic foramen
(Fig. 7B) that was located distally to the medial tuber-
osity. On the lateral surface of the proximal diaphysis,
between the deltoid and medial crest, there was a bicipi-
tal surface to which the dorsal coracohumeral ligament
was attached (Fig. 7A).

In the cattle egrets, the bones of the pectoral girdle
(scapula, coracoids, and clavicle) articulated with each
other forming triosseum foramen (Figs. 2, 3 and 8A and
B). This region was completely covered by the external
and internal muscle pectoralis (Fig. 8C. D, E and F). The
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Fig. 1 The statistical differences in the length of the sternum, scapula, coracoid, humerus, and clavicle in relation to the body length, as well
as the width of triosseum foramen in domestic ducks compared to cattle egrets. *p=0.03, ***p < 0.0001

latter muscle was the largest muscle that occupied the
ventral surface of the sternum (Fig. 8C and E). It origi-
nated from the keel and body of the sternum and the
lateral surface of the furcula and was inserted into the
deltoid crest of the humerus. The M. pectoralis com-
pletely covered the M. supracoracoideus in the ventral
aspect of the sternum (Fig. 6A and B).

In domestic ducks, there was a thicker joint capsule
encircling the shoulder joint (Fig. 9A) compared to cat-
tle egrets. After the removal of the M. coracohumer-
alis dorsalis (originated from the distal extremity of the
humerus and inserted near to acrocoracoid tuberosity
of the coracoid) (Fig. 9B), the dorsal coracohumeral liga-
ment and the underneath deep coracohumeral ligament
were found. The dorsal coracohumeral ligament origi-
nated from the acrocoracoid tuberosity of the coracoid
and inserted at the lateral tuberosity of the humerus
(Fig. 9C). The deep coracohumeral ligament originated
from the humeral tuberosity of the coracoid and ended at
the medial tuberosity of the humerus (Fig. 9D).

The triosseum foramen was an equilateral triangle
in domestic ducks and was divided by two ligaments;

medial coracoclavicular (originated from acromion pro-
cess of coracoid then directed to be inserted at the proxi-
mal extremity of the clavicle) and medial coracoscapular
ligament (originated from the acrocoracoid tuberosity
of coracoid then directed to be inserted at coracoid pro-
cess of the scapula) (Fig. 10A); the foramen bounded by
the cranial coracoclavicular ligament (originated from
the acrocoracoid tuberosity of coracoid then directed
to be inserted at the proximal extremity of the clavicle).
Whereas in cattle egrets, the triosseum foramen was a
triangle with a cranially situated apex and was undivided.
The clavicle cranially encircled the triosseum foramen
(Fig. 10B).

In domestic ducks, there were three angles of the tri-
osseum foramen: craniomedial, caudomedial, and cau-
dolateral angles. The craniomedial angle was formed by
the proximal extremity of the clavicle. The caudomedial
was formed by the articular extremity of the scapula,
while the caudolateral one was formed by the coracoid
(Fig. 10A). The triosseum foramen was divided into two
parts, craniomedial and caudolateral parts by medial
coracoclavicular and medial coracoscapular ligaments
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Fig. 2 A representative dorsolateral 3D CT image of bones forming the pectoral girdle and triosseum foramen in domestic ducks (A) and cattle
egrets (B). A representative photomacrograph of domestic ducks (C) and cattle egrets (D) (dorsolateral view) showing bones that formed

the pectoral girdle and triosseum foramen. S Scapula, C Coracoid, CL Clavicle, H Humerus, TF Triosseum foramen, P Pectoral muscle, SC
Supracoracoid muscle, T Tendon of Supracoracoid muscle, CHL Coracohumeral ligament. 1: Craniomedial part of triosseum foramen, 2: Caudolateral
part of triosseum foramen, 3: Medial coracoclavicular and medial coracoscapular ligaments

Fig. 3 Radiographs of domestic ducks (A) and cattle egrets (B) showing bones forming the pectoral girdle and the triosseum foramen (ventrodorsal
view). S Scapula, C Coracoid, CL Clavicle, H Humerus, TF Triosseum foramen
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Fig. 4 Photomacrographs of the scapula of domestic ducks (A1) and cattle egrets (A2) (ventral view). Photomacrographs of the scapula

of domestic ducks (B1) and cattle egrets (B2) (dorsal view). Photomacrographs of coracoid of domestic duck (C1) and cattle egrets (C2) (dorsal
view). Photomacrographs of coracoid of domestic ducks (D1) and cattle egrets (D2) (ventral view), Photomacrographs of frucula of cattle egrets

(E) (cranial view) and domestic duck (F) (craniolateral view). Photomacrographs of the articulated scapula and coracoid of domestic duck (G1)

and cattle egrets (G2) (dorsal view). CP Coracoidal process, FP Furcular process, AC Articular crest, AP Acromial process, ACT Acrocoracoid tuberosity,
HT Humeral tuberosity, SG Supracoracoid groove, ST Scapular tuberosity, PE Proximal extremity, Hc Hypocladium, S Scapula, C Coracoid, TF Triosseum

foramen

(Fig. 10C). Through the caudolateral part, the tendon
of insertion of the supracoracoid muscle was elongated
fusiform (feather-like) and originated from the keel
and body of the sternum and inserted into the head of
the humerus (Fig. 10D). The M. coracohumeralis lat-
eralis, which originated from the medial surface of the
coracoid and furcular process of the scapula and was
inserted in the deltoid crest), was found deeply close
to the ligaments which divided the triosseum foramen
(Fig. 10C and F).

In cattle egrets, the triosseum foramen was a well-dif-
ferentiated triangle formed by the fusion of the proximal
ends of the shoulder girdle bones. Also, the tendon of
insertion of the M. supracoracoideus was found passing
through it (Fig. 10B). The M. supracoracoideus appeared
fusiform but darker in color and shorter in length than
that of the domestic ducks and was inserted into the lat-
eral tuberosity of the humerus (Fig. 10E). The caudome-
dial boundary of the triosseum foramen was formed by

the proximal end of the scapula, while the craniomedial
one was formed by the proximal end of the clavicle. In
addition, the craniolateral boundary was formed by the
proximal end of the coracoids (Fig. 10B and E).

Histological findings

Pectoral muscles

In the cattle egret, the muscle bundles appeared thick
and surrounded by dense perimysial connective tissue.
The myofibers appeared long, cylindrical, compacted,
and straight in shape as well as separated by narrow
endomysial connective tissue. Hyper acidophilic cyto-
plasm was evident by the presence of evident cross stria-
tions. An extensive number of elongated peripherally
located nuclei were observed (Fig. 11A). The cross sec-
tion of the pectoral muscle showed perimysial connec-
tive tissue spaces among the bundles and some muscle
fibers displayed hyper acidophilic cytoplasm with nar-
row endomysial connective tissue spaces in between
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Fig. 5 CT scanimages of cattle egrets (A) and domestic ducks (B) (ventrodorsal view) and CT images of domestic ducks (C) (ventrolateral view)
showing the connection between the sternum and the hypocladium of furcula by fibrous joint in cattle egrets and absence of this connection

in domestic duck. C Coracoid, F Furcula, ST Sternum, HC Hypocladium

Fig. 6 Photomacrographs of cattle egrets (A) (cranioventral view) and domestic ducks (B) (ventrolateral view). F Furcula, CL Clavicle, CCM
Sterno-coraco-clavicular membrane, SC M. Supracoracoideus, P M. pectoralis

(Fig. 11B). In the domestic duck, the perimysium sepa-
rating muscle bundles consisted of less dense connective
tissue. The myofibers were long, cylindrical, and wavy
in shape with acidophilic cytoplasm. Multiple elongated
peripherally located nuclei were noted. The myofibers
were loose and contained numerous endomysial con-
nective tissue spaces (Fig. 11C). Cross section of this
muscle showed several muscle bundles surrounded by
the perimysium, which consisted of less dense connec-
tive tissue containing blood vessels and nerve fascicles
(Fig. 11D).

Supracoracoideus muscles

In the cattle egret, the muscle bundles appeared thin
and elongated in shape with acidophilic cytoplasm.
There was a little perimysial connective tissue between
muscle bundles. The myofibers were highly compacted
with narrow endomysial space and peripherally located
nuclei which appeared fewer in number than the pec-
toral muscle (Fig. 12A). In the cross-section, there was
little connective tissue between muscle bundles. The
muscle fibers were highly compacted to each other with
narrow endomysial space (Fig. 12B). In domestic ducks,
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Fig. 7 Photomacrographs of the humerus of domestic ducks (A1) and cattle egrets (A2) (cranial view), Photomacrographs of the humerus
of domestic ducks (B1) and cattle egrets (B2) (caudal view). SH Shaft, MT Medial tuberosity, LT Lateral tuberosity, H Head, DC Deltoid crest, MC Medial
crest, BS Bicipital surface, RC Radial condyle, UC Ulnar condyle, RE Radial epicondyle, UE Ulnar epicondyle, TG Trochlear groove, HG Head groove, Pnf

Pneumatic foramen, OF Olecranon fossa

the muscle bundles appeared cylindrical in shape with
thinner wavy myofibers. (Fig. 12C). In cross-section,
the myofibers were slightly irregular or ovoid in shape.
Also, it appeared thinner, and with wider endomy-
sial spaces compared with that of cattle egret. Also,
the tendinous part of the muscle consisted of dense
regular collagenous connective tissue and appeared
wavy in appearance and pale in color with oval nuclei
(Fig. 12D). Histomorphometry revealed a highly sig-
nificant difference (p <0.001) between cattle egrets and
ducks in the thickness and area % of connective tis-
sues of pectoral and supracoracoideus muscle bundles
(Table 3). Additionally, the number of nuclei in the
pectoral and supracoracoideus muscle was significantly
higher (p>0.05) in cattle egrets compared with that in
domestic ducks (Table 4).

Immunohistochemical findings

Pectoral muscles

In the cattle egret, the pectoral muscles exhibited a
high myoglobin expression in the cytoplasm of the
muscle fibers and were detected mainly in the Z-line
and cross-striations (Fig. 13A). In the pectoral muscle
of the domestic duck, the positive expression of the
myoglobin was mainly detected in the vicinity of the

sarcoplasm, especially beneath sarcolemma or around
the nuclei. The intensity of the reaction appeared iden-
tical and evenly distributed among the different fibers
(Fig. 13C).

Supracoracoideus muscle

In cattle egret, expression of myoglobin in the supracora-
coideus muscle was high and homogenously distributed
along the myofibers. Of note, the striation of myofibers
showed more myoglobin expression in the pectoral mus-
cle than in the supracoracoideus muscle (Fig. 13B). In the
domestic duck, the supracoracoideus muscle fibers were
positively stained for myoglobin, particularly at the cross
striations. As noted, the staining appeared strong in some
myofibers and weak in others (Fig. 13D).

Discussion

The present study reported that the pectoral girdle of both
species consisted of three pairs of bones: scapula, cora-
coid, and fused clavicles. The humerus of both species was
considered one component of the wing skeleton. These
findings came in the same line as reported in domestic
pigeons [9], domestic birds [10], domestic fowl [25], and
crows and owls [26]. The articulation of the pectoral gir-
dle bones leads to the formation of triosseum foramen as
observed in this study and in cattle egrets [27].
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Fig. 8 CTimages of domestic ducks (A) (dorsal view) and cattle egrets (B) (dorsolateral view), CT images of domestic ducks (C) (ventral view)
and (D) (dorsal view) and CT images of cattle egrets (E) and photomacrograph of cattle egrets (F) (ventral view). S Scapula, C Coracoid, H Humerus, F
Furcula, TF Triosseum foramen, P M. pectoralis and blue arrow: showing the area of triosseum foramen that was wholly covered by muscle pectoralis

Fig. 9 Photomacrographs of dissected domestic ducks (lateral view). H Humerus, C Coracoid, SC M. Supracoracoideus; arrowhead: strong joint
capsule encircling the shoulder joint, CHM M. coracohumeralis dorsalis, CHL Coracohumeral ligaments. 1: Dorsal coracohumeral ligament, 2: Deep
coracohumeral ligament
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Fig. 10 Photomacrographs of dissected domestic ducks (A) (dorsolateral view). Photomacrographs of dissected cattle egrets (B) (dorsal
view). Photomacrographs of dissected domestic ducks (C) (dorsal view). Photomacrographs of dissected domestic ducks (D) (ventral view).
Photomacrographs of dissected cattle egrets (E) (ventrolateral view). Photomacrographs of dissected domestic ducks (F) (dorsolateral view). S
Scapula, C Coracoid, CL Clavicle, H Humerus, TF Triosseum foramen, SC M. Supracoracoideus, P M. pectoralis, T Tendon of the Supracoracoideus
muscle. 1: Craniomedial part of triosseum foramen, 2: Caudolateral part of triosseum foramen, 3 (and blue arrow): Medial coracoclavicular

and medial coracoscapular ligaments, MCS Medial coracoscapular ligament, MCC Medial coracoclavicular ligament, MCHL M. coracohumeralis

lateralis
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Fig. 11 Photomicrograph of the pectoral muscle of the cattle egret
(A and B) and the domestic duck (C and D) showing elongated
nuclei "arrows’, visible cross striations “zigzag arrows’, muscle bundles
"arrowheads", perimysial connective tissue "thick arrows" and nerve
fascicle "curved arrow"
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Fig. 12 Photomicrograph of the supracoracoideus muscle
of the cattle egret (A and B) and the domestic ducks (C and D)
showing elongated nuclei“arrows’, muscle bundles “arrowheads’,
perimysial connective tissue “thick arrow’, visible cross striations
“zigzag arrows”. Also, note the tendinous part of the muscle "T"
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Table 3 Histomorphometric measurements representing the mean +standard error of thickness of muscle bundles of pectoral and
supracoracoideus muscles of both cattle egret and domestic duck and area % of connective tissue of pectoral and supracoracoideus

muscles of both cattle egret and duck

Parameters Cattle egret Domestic duck p-value

Thickness of muscle bundles (um) of the pectoral muscle 329.8+933 2420+1233 <0.0001
Thickness of muscle bundles (um) of supracoracoideus muscle 195.8+12.41 1625+12.8 =0.0013
Area % of connective tissue in the pectoral muscle 1.90+0.26 0.67+0.12 <0.0001
Area % of connective tissue in supracoracoideus muscle 05+0.10 0.19+0.10 =0.0005

Table 4 Histomorphometric measurements representing the
mean + standard error of the number of nuclei in pectoral muscle
and supracoracoideus muscle of both cattle egret and domestic
duck

Parameters Cattle Egret  Domesticduck  p-value

Number of nuclei 50+1.25 404125 <0.05
per defined area (400

um?) in pectoral muscle

Number of nuclei 30+05 20+1.25 <0.05
per defined area (400
um?) in supracoracoideus

muscle

Cattle egret

Duck

By 1 7 f
L RN N

Fig. 13 Photomicrograph of immunohistochemically stained
section against myoglobin antibody showing (A) cattle egret’s
pectoral muscle was positively reacted particularly at cross striations
"arrows". (B) Supracoracoideus muscle of cattle egret showed
homogenous densely stained color "thick arrows". (C) The pectoral
muscle of the domestic duck reacted positively in the vicinity

of the sarcoplasm "arrowheads". (D) Supracoracoideus muscle fibers
of domestic ducks were immuno-stained by myoglobin antibody,
particularly the cross striations "arrows"

In the current study, there was a clear difference
between the scapula of domestic ducks and cattle egrets.
Its shape was a thick curved plate in the domestic ducks
while in the cattle egrets was a thin rod-like plate. In
pigeons, crows, and owls, the scapula was a blade-like
structure and slightly curved from the cranial to the
caudal direction [26]. While in domestic pigeons [9] the
scapula appeared sword in shape with much-reduced
acromion, much smaller in relation to body size. In
pigeon Hawk and Kite, there was pneumatic foramen just
behind the coracoid process of the scapula of the pigeon
hawk. However, the scapula of the kite was character-
ized by the presence of subacromial pneumatic foramen
[28]. The medial process of the scapula of the crow was
perforated by a pneumatic foramen which was absent in
both owl and pigeon. The presence of an additional inter-
mediate process and pneumatic foramina could act as an
identification mark for the scapula of crows [26]. These
pneumatic foramina were absent in both examined spe-
cies in this study.

Concerning the coracoid bone of domestic ducks and
cattle egrets, it extends ventrally from the shoulder joint
to articulate with the sternum and is characterized by its
cranial extremity, which was narrower than the caudal
one. The Coracoid was directed downwards and back-
ward to articulate the sternum distally. The important
role of the coracoid in holding the wings away from the
sternum during the flight was confirmed [29]. The proxi-
mal extremity of the coracoid was hook-like and articu-
lated with the proximal extremity of the scapula and
clavicle to form the foramen triosseum [9] in domestic
pigeons. The strong development of supracoracoideus
and sternocoracoideus muscles and the more strongly
developed coracoid of kite improved their adaptation fea-
ture to catch their prey during flight [28]. The coracoid
bones are pillars that join the avian shoulder to the tho-
rax and convey forces to the sternum to participate in the
elevation of the wing above the level of the vertebral col-
umn through its supracoracoideus tendon [30]. Further-
more, at their joint with the sternum, the coracoid bones
rotate and slide allowing a spring-action of the clavicles
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with each wing beat [30]. The changes in the coracoster-
nal joint (fracture of the coracoid, luxation, arthritis) con-
vince pain with every wing beat and may lead to drooped
wings [31]. The space enclosed between the procoracoid
and acrocoracoid process is the major contributor to the
foramen triosseum [28].

In the present study, furcula was formed by a fusion
of sickle-shaped clavicles in domestic ducks while it was
strap-like in cattle egrets. The clavicles were two in num-
ber — right and left which were fused distally to form a
single bony structure called furcula in pigeons, crows,
and owls [26]. Furcula had different shapes according
to the species; domestic pigeons had a broad 'U’ shaped
furculum with rudimentary hypocleideum [9]. It was U
shaped in crows [32] and pariah kite [33] while in fowl
the furculum appeared a wide 'V’ shape [25]. Also, in
owls and pigeons, it was “V-shaped [26]. In our study, the
furcula of domestic ducks had a wide V shape, while cat-
tle egrets had an elongated narrow U shape. The varia-
tion in the morphology of furcula was correlated with the
flight requirements of different birds [26]. Another report
opined that the furcula, generally absent in non-flying
birds, may act as an essential component during flight
[34]. At the site of the fusion of the two clavicles, there
was hypocleideum connected to the sternum by a fibrous
joint in cattle egrets, but this connection was absent
in domestic ducks. The hypocleideum was absent in
pigeons and owls [26]. The hypocleideum contacted the
sternum either directly or via a ligamentous attachment
[8]. In fowl, the hypocleideum was a thin oval plate [25],
while in crow it was in the form of a flattened ’S-shaped
sagittal plate [32]. The hypocledium fused to the ventral
part of the cranial border of the sternal crest permanently
[35] in spot-billed pelican and [36, 37] in pelicans and
frigate birds. The latter authors suggested that the fusion
created rigidity in the pectoral girdle, which assisted in
soaring with moderately small breast muscles. Although,
in domestic birds, they were separated, the hypocle-
dium was attached to the sternal crest by a membrane
[38]. In the current work, we observed that there was a
membrane filled the space between the sternum, cora-
coid, and clavicle (Sterno-coraco-clavicular membrane)
that was thin elastic fibrous tissue in domestic ducks,
whereas it was fleshy-like in cattle egrets. The presence
of the Sterno-coraco-clavicular membrane stretched as
an unpaired structure between the sternum, furcula, and
coracoids was confirmed by [39] in Psittacus erithacus.

The humerus of domestic ducks and cattle egrets was
a long bone with a large head that was ovoid in cattle
egrets, as also noticed in pariah kite [40] and in cattle
egrets and oval in domestic ducks. While the humerus
of an Emu lacked a distinct head [41]. We observed in
both examined species large pneumatic foramen inside
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the deep pneumatic fossa, which was located distally to
the medial tuberosity. Similar results were noticed in
long-legged buzzards [42] and in cattle egrets [43]. The
weak flying ability of red-wattled lapwing as compared
to pigeons and crows was due to lacking pneumatic fora-
men in the sternum and shoulder girdle, the presence of a
relatively short coracoid, and the absence of hypocledium
[34]. The humerus, ulna, tibiotarsus, and tarsometatarsus
of cattle egrets were long [44] and regulated flying ability
according to the weight-strength-rule [45].

In the current study, the triosseum foramen was an
equilateral triangle in domestic ducks and was divided
into two parts by two ligaments: medial coracoclav-
icular and medial coracoscapular ligament. The fora-
men bounded by the cranial coracoclavicular ligament.
Whereas in cattle egrets, the triosseum foramen was a
triangle with a cranially situated apex and was undivided.
The clavicle cranially encircled the triosseum foramen. In
domestic ducks, there were three angles of the triosseum
foramen, craniomedial, caudomedial, and caudolateral
angles, while in cattle egrets these angles were caudome-
dial, craniomedial, and craniolateral. While John et al.,
[34] stated that, the anterio-medial boundary of this fora-
men was formed by the proximal end of the clavicle and
the anterio-lateral boundary was formed by the proxi-
mal end of the coracoid. The posterior and a part of the
medial boundary were formed by the proximal end of the
scapula. The presence of a hook-like proximal extremity
of the coracoid facilitates the supracoracoideus muscle
for better support and thus aids in flight.

Our investigations about M. pectoralis revealed that
it was the largest muscle that occupied the ventral sur-
face of the sternum that completely covered M. supra-
coracoideus in the same line with Razmadze et al. [39]
in Psittacus erithacus. The latter author added that M.
pectoralis was formed of three parts: the largest pars
thoracicus and two additional ones: pars propatagia-
lis longus and pars propatagialis brevis. In examined
domestic ducks, M. supracoracoideus appeared elon-
gated fusiform (feather-like) and extended along the
sternum up to its caudal margin. On the contrary, M.
supracoracoideus of cattle egrets appeared darker in
color than domestic ducks and occupied the cranial
part of the sternum. The extension of M. supracora-
coideus along the sternum differed from one species to
another. In Psittacus erithacus, it extended along the
full length of the sternum right up to its caudal edge
[39], while in falcons, it appeared small and found only
on the cranial half of the sternum [46]. Concerning the
tendon of insertion of M. supracoracoideus in domes-
tic ducks, it passed through the caudolateral part of
the triosseum foramen and inserted into the head of
the humerus, while in cattle egrets it found inserted
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into the lateral tuberosity of the humerus. Moreover,
Razmadze et al., [39] stated that, after passing through
the triosseum foramen, the tendon was inserted on the
dorsocaudal surface of the humerus just distal to the
tuberculum dorsal.

However, more literature was needed on the mor-
phometry of the shoulder girdle of domestic ducks and
cattle egrets. Hence, the present study was carried out
in these species. Regarding the morphometric analysis
of different bones under examination, by comparison,
the length of the examined bones and the total body
length of the studied species, we observed that the rela-
tive length of the sternum to the total body length was
22.9% +1.52 in domestic ducks while in cattle egrets,
it was 14% +1.25. The relative length of the humerus
represented 22.87%+1.43 and 21.4%+1.35 to the
total body length in domestic ducks and cattle egrets,
respectively. In domestic ducks, the relative length of
the scapula, coracoid, and clavicle to the total body
length was 18.4%+1.51, 12.3%+0.82, and 12.3+0.67
respectively. While in cattle egrets, the relative length
of the scapula, coracoid, and clavicle to the total body
length was 11.4%+1.17, 8.7% +0.48, and 10.1% +0.74,
respectively. So, the relative length of all examined
bones to the total body length in domestic ducks was
significantly longer (p <0.05) than in cattle egrets. The
length of the scapula was 10.93 cm+0.49 in domes-
tic ducks, while in cattle egrets, it was 4.71 cm+0.45,
similarly to that obtained by Parvez et al., [9] in domes-
tic pigeons. The latter author reported that the length
and maximum width of the scapula were 4.23 cm and
0.56 cm, respectively. The Coracoid length was 3.53 cm,
and the width of the distal extremity (1.45 cm) was
about twice that of the proximal one (0.70 cm). The
length of the coracoid in geese was 1.50 cm which is
almost similar to fowl, but the width of extremities
was larger compared to fowl [47]. The length of cora-
coid bone was maximum in crows (4.6 cm) followed
by owls (3.8 cm) and least in pigeons (3.6 cm) [26]. The
maximum length of the right and left humerus of cattle
egrets was 90.78+0.94 mm for the right humerus and
90.72 +0.89 mm for the left humerus [44]. The maxi-
mum length of the humerus of the long-legged buzzard
was 10.5 cm [42]. While in our study, the maximum
length of the humerus was 14 c¢cm in domestic ducks
and 9 cm in cattle egrets.

The muscle pectoralis, as the primary flight muscle in
birds, has been evaluated histologically in some avian
species [11] and for its mechanics in the red-tailed hawk
and barred owl [48]. In this study, we found that the mus-
cle bundles (fascicles) and myofibers of both the muscles
pectoralis and supracoracoideus showed histologically
more nuclei as well as numerous and narrower perimysial
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and endomysial spaces in cattle egret than those in
domestic duck. For another comparison, each of these
muscles in the pigeons showed microscopically abundant
muscle fibers and nuclei in addition to wider perimysial
spaces compared with chickens [11].

Computer-generated imaging has been recently intro-
duced for avian examination. Of these studies, computer-
generated radiology was used to assess the trabeculae of
tibiotarsal bones in domestic ducks [20]. Moreover, in
domestic ducks, the brain and skull are demonstrated
using conventional radiography and CT [49, 50] as well
as MRI [49]. Herein, the bones of the pectoral girdle and
the triosseum foramen were clearly visualized and iden-
tified using conventional radiographic and 3D CT imag-
ing. Also, computed tomography was used to evaluate
the morphological changes of duck (Anas platyrhynchos)
tibiotarsal bones [51].

In broiler chickens, myofibers of muscle pectoralis
contain perimysium consisting of dense connective tis-
sue that collects muscle fibers in bundles (fascicles) [52].
In our work, we found that the pectoral muscle bundles
of domestic ducks were surrounded by perimysium and
endomysium which consisted of less dense connective
tissue relative to cattle egrets. These connective tissue-
containing spaces are essential for the viability of muscle
fibers by providing a space between muscle bundles and
muscle fibers and structural support, thus maintaining
the elasticity, or stretching of muscles. Moreover, these
spaces contain capillaries that are essential for the activ-
ity of adult muscle cells and satellite cells and for the
removal of respiratory by-products such as lactic acid
[53].

This work showed that the pectoral muscles of cattle
egrets have thick muscle bundles with abundant capil-
laries. The same results have been observed in domestic
fowl but with few capillaries. The muscle fascicles and
fibers are also thick, and their diameter is greater in hum-
mingbirds that are structurally adapted to fly helping
them move quickly between flowers to meet metabolic
requirements [54]. Whereas, in the pigeon and banana-
quit, it has been observed that the pectoral muscle has
very thin muscle bundles with large abundant blood cap-
illaries [55].

Our findings revealed that the muscular fibers of the
cattle egret were long and cylindrical in shape and con-
tained an acidic cytoplasm and more elongated periph-
eral nuclei than in domestic ducks. Other studies
documented this finding and added that polynuclear cells
are formed through the fusion of several muscle blasts
during evolution [13, 14]. We also found that the pecto-
ral muscles showed some fiber with a hyper acidophilic
cytoplasm which was also noted in flying birds such as a
pigeon, however unlike chickens [14].
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Our findings revealed that the pectoral muscle fib-
ers of domestic ducks were long, cylindrical, and loosely
connected to each other. One of the most characteris-
tic results was the number of nuclei that were lower in
domestic ducks than in cattle egrets. Consistency, similar
results have been reported in both broiler and domestic
chickens indicating fewer nuclei were noted than that in
pigeons [56].

It has been reported that domestication changes
numerous neurological and physiological features
of domestic ducks compared to their wild ancestors.
Changes in the body size, bone morphology, and breast
muscles compared to ancestral species were the main
alterations. Domestic ducks also showed a loss of capa-
bility of flight and migration, decreased brain size, and
increased body size [57]. Thus, as we found herein from
morphological and histological findings, domestication
may affect the physiological, anatomical, and histologi-
cal structure of the components of the duck’s locomotor
system.

The supracoracoideus is considered the second larg-
est wing muscle and has an antagonizing effect on the
muscle pectoralis [8, 58]. In our study, the muscle supra-
coracoideus muscles of cattle egrets had red and thin-
ner elongated muscle bundles with numerous nuclei,
unlike domestic ducks whose muscle bundles appeared
pale and thick cylindrical with fewer nuclei. In previous
studies, this muscle in pigeons appeared darker in color
compared to broilers and domestic chickens, and this
explains why pigeons can fly higher than broilers and
domestic chickens. Redness of the primary flight muscles
is due to an increased number of muscle fibers, nuclei,
and mitochondria [11, 13].

As noticed herein, both flight muscles of cattle egrets
had a greater thickness of muscle bundles with narrower
connective tissue spaces supporting their flying behavior
during the flight compared with domestic ducks which
had a lower thickness of muscle bundles, and the areas
of peripheral connective tissue were wider and contained
more connective tissue than those of cattle egret. The
same results have been obtained in hummingbirds as fly-
ing birds, and in bananaquit as nonflying birds [54].

It has been shown that immunostaining of myoglobin is
limited to the I-band, Z-line, mitochondrial outer mem-
brane, and inner membrane of the sarcoplasmic reticu-
lum [59]. We observed the same results in cattle egrets
where the expression of myoglobin appeared mainly in
the Z-line and the cross-striations. Overall, we should
also mention that the expression was more pronounced
in the pectoral muscle than in the supracoracoideus mus-
cle. In conjunction with these data, the pectoral muscle
is the largest and most energy-consuming organ in fly-
ing birds [60]. It is well-known that a higher myoglobin

Page 17 of 19

content enables muscle fibers to contract slowly and for
longer periods allowing an increase in oxygen reserves.
In domestic ducks, we found that pectoral and suprac-
oracoideus muscle cells reacted positively to the myoglo-
bin antibody which was mainly expressed in the vicinity
of the sarcoplasm beneath sarcolemma.

Conclusions

Despite several studies have evaluated the avian flight
muscles, to the best of the authors’ knowledge, there is
no information regarding the comparative evaluation
of the flight muscles and bones in domestic ducks and
cattle egrets. Domestic ducks lose their ability to fly
depending on many factors, including their size, weight,
wing structure, condition, and environment. Thus, this
work sheds new light on the adaptive morphological
characteristics of the pectoral girdle (bones and mus-
cles) that suit the lifestyle of domestic ducks and cattle
egrets. This study suggests that the bones and muscles
of the pectoral girdle generally show specific morpho-
logical and structural changes reflective of the loss of
basic requirements associated with flight behavior in
domestic ducks due to domestication effects compared
to cattle egrets.

Acknowledgements
The authors would like to thank the Faculty of Veterinary Medicine, Zagazig
University for supporting this study.

Authors’ contributions

Conceptualization, HME, AA-I, NIAG, & MA; Performed research, HME, AA-I,
NIAG, & MA; Project administration, HME, & MA; Data analysis, HME, AA-I, NIAG,
& MA; Writing an original draft, HME, AA-I, NIAG, & MA; review & editing, HME,
NIAG, & AA-1. All authors read and approved the final manuscript.

Funding
The authors declare that they have no known competing financial interests or
personal relationships that could affect the data contained in this paper.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author (AA-I) upon a reasonable request.

Declarations

Ethics approval and consent to participate

The study protocol was designed and performed following the rules of the
Institutional Animal Care and Use Committee of the Faculty of Veterinary Med-
icine, Zagazig University, Egypt (IACUC approval # ZU-IACUC/2/F/234/2022).
Ducks were purchased at private local markets while cattle egrets were
collected from the field in the nearby villages in El-Sharkia governorate, Egypt.
All the birds were humanely transported in a ventilated closet to the Faculty of
Veterinary Medicine, Zagazig University. Birds were housed in suitable cages
under specific conditions of controlled temperature and humidity. Food and
water were available ad libitum. Birds were allowed to acclimatize for two
weeks before the actual experiment began. Collection of specimens was
performed in accordance with the guidelines of the institutional guidelines.
All methods are reported in accordance with ARRIVE guidelines [19].

Consent for publication
Not applicable.



El-Ghazali et al. BMC Veterinary Research

(2023) 19:133

Competing interests
We have no conflicts of interest to disclose.

Author details

' Anatomy and Embryology Department, Faculty of Veterinary Medicine,
Zagazig University, Zagazig 44519, El-Sharkia, Egypt. 2Department of Surgery,
Anesthesiology, and Radiology, Faculty of Veterinary Medicine, Zagazig Univer-
sity, Zagazig 44519, E-Sharkia, Egypt. >Department of Histology and Cytology,
Faculty of Veterinary Medicine, Zagazig University, Zagazig 44519, El-Sharkia,
Egypt.

Received: 22 October 2022 Accepted: 12 July 2023
Published online: 25 August 2023

References

1.

20.

Zhang S, Han J, Zhong D, Wang T. Analysis of selective constraints on
mitochondrial DNA, flight ability and physiological index on avian. Annu
Int Conf IEEE Eng Med Biol Soc. 2013;2013:1498-501.

Nudds RL, Slove Davidson J. A shortening of the manus precedes the
attenuation of other wing-bone elements in the evolution of flightless-
ness in birds. Acta Zoologic (Stockholm). 2010,91:115-22.

Seedikkoya K, Azeez P, Shukkur EA. Cattle egret as a biocontrol agent.
Z00s'Print J. 2007;22:2864-6.

Kirkpatrick TW. The buff-backed egret (Ardea ibis L., Arabic Abu Qerdan) as
afactor in Egyptian agriculture. The Auk. 1923;40:162-3.

Sayol F, Steinbauer MJ, Blackburn TM, Antonelli A, Faurby S. Anthropo-
genic extinctions conceal widespread evolution of flightlessness in birds.
Sci Adv. 2020,6:1-7.

Campagna L, McCracken KG, Lovette 1). Gradual evolution towards flight-
lessness in steamer ducks. Evolution. 2019;73:1916-26.

Biewener AA. Muscle function in avian flight: achieving power and con-
trol. Philos Trans R Soc Lond B Biol Sci. 2011;366:1496-506.

Baume J, King AS, Breazile JE, Evans HE, Vanden Berge JC. Handbook

of Avian Anatomy: Nomina Anatomica Avium (2nd): Cambridge. Cam-
bridge, MA: Nuttall Ornitholo Club; 1993.

Parvez MNH, Akhter TD, Gofur MR, Sarder MJU. Gross Morphometry of
Pectoral Girdle of Domestic Pigeon (Columba livia). Inter J Livestock Res.
2016;6:32-8.

Dyce KM, Sack WO, Wensing CJG. Textbook of Veterinary Anatomy. 3rd ed.
Philadelphia: WB Saunders Co.; 2009.

. Umar AA, Jibril M, Atabo SM, Danmaigoro A, Ekeolu OK. Gross and His-

tological Studies of Muscles of Flight in Some Avian Species. Arch Anim
Poult Sci. 2020;1:52-6.

Wilson BW, Nieberg PS, Buhr RJ, Kelly BJ, Shultz FT. Turkey muscle growth
and focal myopathy. Poult Sci. 1990,69(9):1553-62.

Mobini B. Histological differences in intramuscular connective tissues
composition between dark and light colored muscles in broiler chickens.
Glob Vet. 2013;10(3):360-4.

Ali S, Nasr M, Eresha AM. Macro and Micro Architecture of the Wing in
Three Different Avian Habitats. Alexandria Journal of Veterinary Sciences.
2016;48:134-42.

Jones MM. Growth of the pectoralis muscle of the house sparrow (Passer
domesticus). J Anat. 1982;135:719-31.

Marquez J, Sweazea KL, Braun EJ. Skeletal muscle fiber composition of the
English sparrow (Passer domesticus). Comp Biochem Physiol B Biochem
Mol Biol. 2006;143:126-31.

Madkour FA, Abdelsabour-Khalaf M. Morphological and ultrastructural
features of the laryngeal mound of Egyptian Cattle Egret (Bubulcus ibis,
Linnaeus, 1758). BMC Zool. 2002;7:44.

Fedde MR. Drugs used for avian anesthesia: a review. Poult Sci.
1978;57(5):1376-99.

Percie du Sert N, Hurst V, Ahluwalia A, Alam S, Avey MT, Baker M, Browne
WJ, Clark A, Cuthill IC, Dirnagl U, Emerson M, Garner P, Holgate ST, Howells
DW, Karp NA, Lazic SE, Lidster K, MacCallum CJ, Macleod M, Pearl EJ,
Petersen OH, Rawle F, Reynolds P, Rooney K, Sena ES, Silberberg SD,
Steckler T, Wurbel H. The ARRIVE guidelines 20 Updated guidelines for
reporting animal research. Exp Physiol. 2020;105:1459-66.

Charuta A, Dzierzecka M, Majchrzak T, Czerwinski E, Cooper RG. Com-
puter-generated radiological imagery of the structure of the spongious

21

22.

23.

24.

25.

26.

27.

28.

29.

30.
31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 18 of 19

substance in the postnatal development of the tibiotarsal bones of the
Peking domestic duck (Anas platyrhynchos var. domestica). Poult Sci.
2011;90:830-5.

Charuta A, Cooper RG. Computed tomographic and densitometric analy-
sis of tibiotarsal bone mineral density and content in postnatal Peking
ducks (Anas platyrhynchos var. domestica) as influenced by age and sex.
Pol J Vet Sci. 2012;15:537-45.

Onwuama KT, Salami SO, Ali M, Nzalak JO. Effect of Different Methods

of Bone Preparation on the Skeleton of the African Giant Pouched Rat
(Cricetomys gambianus). Inter J Morpholo. 2012;30:425-7.

Nomina Anatomica Veterinaria. Prepared by the International Committe
on Veterinary Gross Anatomical Nomenclature (.C.V.G.A.N.) and author-
ized by the General assembly of the World Association of Veterinary
Anatomists (W.AV.A), konxville, T.N (USA). konxville, TN (USA): Hannover,
Columbia, Ghent and Sapporo: Published by the Editorial Committee;
2012

Suvarna KS, Layton C, John D. Bancroft's theory and practice of histologi-
cal Ttechniques. 8th ed. Churchil: Livingstone, New York, London: Elsevier
Ltd; 2019.

Getty R. Sisson and Grossman's the Anatomy of Dometic Animals. 5th ed.
Philadelphia: W.B. Saunders Co.; 1975. p. 1790-801.

John MA, Sasan JS, Singh AD, Choudry AR. Comparative Morphometry of
the Shoulder Girdle of Pigeon (Columba livia), Crow (Corvus splendens)
and Owl (Otusbakomoena). Indian Vet J. 2014;91(04):43-5.

Rezk HM. Anatomical investigation on the appendicular skeleton of the
cattle egret (Bubulcus ibis). J Exper Clin Anat. 2015;14(1):5-12.

John MA, Choudhury AR, Khan M, Ahmad K, Baba MA, Dar FA, Rafig A.
Comparative Anatomical Studies on Shoulder Girdle of Pigeon Hawk
(Falco columbarius) and Kite (Millvus migrans). Indian J of Vet Anat.
2017,29(1):25-7.

King AS, McLelland J. Outlines of Avian Anatomy. London: BailliereTindall;
1975.p. 152.

Videler JJ. Avian Flight. New York. p: Oxford University Press; 2005. p. 258.
Hugues B. 2009. A review of biomechanic and aerodynamic considera-
tions of the avian thoracic limb. The Free Library, http://www.thefreelib
rary.com/A review of biomechanic and aerodynamic considerations of
the avian..-a0252006975 (accessed on January 14, 2016)

Patki HS, Lucky KM, Maya S, Harshan KR, Chungath JJ. Gross and
radiographic anatomy of pectoral girdle of Indian Crow. Jaballpur, India:
Proceedings of the 10th Indian Veterinary Congress and 17th Annual
Conference of IAAVR on Newer Challenges in Vet Res Edu 11-12th March
2010; 2010.

Tomar MPS, Vaish R, Rajput N, Shrivastav AB. Gross Morphometrical
Studies on Pectoral Girdle of Pariah Kite (Milvus migrans). J Anim Vet Adv.
2010;9(19):2482-4.

John MA, Baba MA, Khan M, Dar FA, Sheikh AR. Gross Morphological
Studies on Sternum and Shoulder Girdle of Red Wattled Lapwing (Vanel-
lusindicus). J Vet Anat. 2015;27(2):18-20.

Sathyamoorthy OR, Thirumurugan R, Kumar SK, Jayathangaraj MG. Gross
anatomical studies on the sternum and clavicle of spot-billed pelican
(Pelecanus philippensis). Tamilnadu J Vet & Anim Sci. 2012;8(3):166-70.
Nelson JH. Pelicans, Cormorants, and their relatives. Oxford: The pelecani-
formes. Oxford University Press; 2005. p. 109-16.

Kaiser GW. The inner bird: Anatomy and evolution. Vancouver: UBC Press;
2007. p. 76-9

Nickel R, Schummer A, Seiferle E. Anatomy of the domestic birds. Berlin:
Verlag Paul Parey; 1977. p. 3-20.

Razmadze D, Panyutina AA, Zelenkov NV. Anatomy of the forelimb mus-
culature and ligaments of Psittacus erithacus (Aves: Psittaciformes). J Anat.
2018;233(4):496-530. https://doi.org/10.1111/joa.12861.

TiwariY, Pandey A, Shrivastava AB, Tomar MPS, Vaish R. Gross morpho-
metrical studies on pectoral limb of pariah kite (Milvus migrans). Ann Rev
Res Bio. 2011;1(4):111-6.

Kumar P, Singh G. Gross anatomy of wing and pelvic limb bones in emu
(Dromaius novaehollandiae). Ind J Vet Anat. 2014,26(2):82-6.

Atalart O, Kurtul OD. Morphological and morphometric approach to the
bones of the wings in the longlegged buzzard (Buteo rufinus). FUSaBil-
Derg. 2007,21(4):163-6.

Sasan JS, Sarma K, Suri Sh, Nabi N. Gross and Morphometrical Stud-

ies On Humerus Of Cattle Egret (BUBULCUS IBIS). Expl Anim Med Res.
2019;9(1):93-6.


http://www.thefreelibrary.com/A
http://www.thefreelibrary.com/A
https://doi.org/10.1111/joa.12861

El-Ghazali et al. BMC Veterinary Research

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

(2023) 19:133

Ekeolu OK, Usende IL, Adejumobi OA, Azeez Al and Orolu-Adedeji MO,
2016. Comparative morphometric study of the right and left pectoral and
pelvic bones of cattle egret (Bubulcus ibis). Inter J Vet Sci. 5(4): 285-289.
www.ijvets.com

Van Den Elzen R, Nemechkal HL. The impact of Body mass on morphol-
ogy integration in Avian Skeleton (Aves, fringillidae; carduelinae, Fringil-
linae). Bonn Zool Beitr. 2008;50:25-35.

Meyers RA. Morphology of the shoulder musculature of the American
kestrel, Falco sparverius (Aves), with implications for gliding flight. Zoo-
morpholo. 1992;112:91-103.

Shabir M, Hamadani H, Khan M, Baba MA, Khan AA. Gross morphometry
of pectroal girdle of domestic geese (Anser anser domesticus). Indian J
Poult Sci. 2013;48(2):273-5.

Peters SE, Dobbins CS. A comparative study of the mechanics of the
pectoralis muscle of the red-tailed hawk and the barred owl. J Morphol.
2012;273:312-23.

Bartels T, Brinkmeier J, Kummerfeld N, Krautwald-Junghanns ME, Baulain
U. Klingmuller V [Preliminary examinations on the effects of the breed
characteristic feature “feather crest” on skull and brain anatomy of domes-
tic ducks (Anas platyrhynchos f. dom.)]. Tierarztl Prax Ausg G Grosstiere
Nutztiere. 1998;26:168-73.

Bartels T, Krautwald-Junghanns ME, Portmann S, Brinkmeier J, Kum-
merfeld N, Sohn HG, Dorsch B. The use of conventional radiography and
computer-assisted tomography as instruments for demonstration of
gross pathological lesions in the cranium and cerebrum in the crested
breed of the domestic duck (Anas platyrhynchos f.dom.). Avian Pathol.
2000;29:101-8.

Duggan BM, Hocking PM, Schwarz T, Clements DN. Differences in
hindlimb morphology of ducks and chickens: effects of domestication
and selection. Genet Sel Evol. 2015;47:88.

Oliveira RF, Mello JLM, Ferrari FB, Cavalcanti ENF, Souza RA, Pereira MR,
et al. Physical, chemical and histological characterization of pectoralis
major muscle of broilers affected by wooden breast myopathy. Animals
(Basel). 2021;11:596.

Velleman SG, Anderson JW, Coy CS, Nestor KE. Effect of selection for
growth rate on muscle damage during turkey breast muscle develop-
ment. Poult Sci. 2003;82:1069-74.

Jayasooriya A, Hulme M, Georges K, Sundaram V. Comparative anatomy
and histology of pectoralis muscle of nectivorous birds with differ-

ent flight capabilities: hummingbirds (Trochilidae) and bananaquit
(Coerebaflaviola). Port of Spain: In: 31st Caribbean Vet Med Conference
(Trinidad and Tobago); 2019.

Danmaigoro A, Shehu SA, Habibu H, Hena SA, Mahmud MA, Bello A.
Comparative Morphological and Histochemical Studies on Major Flight
Muscles of Domestic Fowl (Gallus gallusdomesticus), Guinea Fow! (Numida
maleagris) and Pigeon (Culumbaliviadomesticus). Int J Curr Res Biol Med.
2016;1:29-38.

Hood DA. Mechanisms of exercise-induced mitochondrial biogenesis in
skeletal muscle. Appl Physiol Nutr Metab. 2009;34:465-72.

Zhou Z, Li M, Cheng H, Fan W, Yuan Z, Gao Q, Xu Y, Guo Z, Zhang Y, Hu J,
Liu H, Liu D, Chen W, Zheng Z, Jiang Y, Wen Z, Liu Y, Chen H, Xie M, Zhang
Q, Huang W, Wang W, Hou S, Jiang Y. Author Correction: An intercross
population study reveals genes associated with body size and plumage
color in ducks. Nat Commun. 2018;9:3974.

Eckmeier D, Geurten BR, Kress D, Mertes M, Kern R, Egelhaaf M, Bischof
HJ. Gaze strategy in the free flying zebra finch (Taeniopygia guttata). PLoS
ONE. 2008;3: €3956.

Sebe T, Kawai H, Nishida Y, Nishino H. Saito S [Changes in myoglobin
localization in the skeletal muscle of neuromuscular diseases demon-
strated by immunohistochemistry and immunoelectron microscopyl.
Rinsho Shinkeigaku. 1989,29:835-43.

Butler PJ, Jones DR. Physiology of diving of birds and mammals. Physiol
Rev. 1997;77.837-99.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 19 of 19

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



http://www.ijvets.com

	Morphological, radiographic, three-dimensional computed tomographic, and histological features of the primary upstroke and downstroke muscles and bones in the domestic duck (Anas platyrhynchos domesticus) and the cattle egret (Bubulcus ibis, Linnaeus, 175
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Materials and Methods
	Birds

	Radiographic examination
	Three–dimensional computed tomographic (3D CT) imaging
	Anatomical and morphometric analysis
	Histology and immunohistochemistry
	Histomorphometric analysis
	Statistical analysis

	Results
	Radiography and 3D computed tomography
	Gross anatomical findings
	Scapula
	Coracoid
	Clavicle
	Humerus
	Histological findings
	Pectoral muscles
	Supracoracoideus muscles

	Immunohistochemical findings
	Pectoral muscles
	Supracoracoideus muscle


	Discussion
	Conclusions
	Acknowledgements
	References


